ABSTRACT This paper conducts a detailed overview on game-theoretic approaches for power demand response (DR) in the open and ever-growing electricity market (EM) in terms of three major categories of games, including non-cooperative game, cooperative game, and evolutionary game. In addition, we also separately review the Stackelberg game and Bayesian game in power DR. First, we briefly describe the main contents of game theory and the game behaviors of the electricity sellers, electricity suppliers, and electricity users in EM. Second, we comprehensively introduce the principle of the above-mentioned five categories of games and thoroughly review their applications in power DR in the context of open EMs, considering the transactions such as electricity pricing and electricity capacity trading among the electricity supplier side, electricity seller side, and electricity user side in the perfect open EMs, such as retail market, spot market, wholesale market, and ancillary service market. In this survey, aiming at each type of game mentioned above, we try to summarize the advantages and shortcomings of their application in EM in terms of power DR, as well as the issues that need to be solved currently or in the future. Finally, we offer some prospects on the scenario application and future development of game-theoretic approaches for power DR in an open EM. The biggest innovation of this paper lies in conducting a comprehensive survey on game-theoretic approaches applied to transactions in the open and ever-growing EMs from the perspective of power DR in terms of five major categories of games. We conduct this survey intended to arouse the interest and excitement of experts and scholars in the energy and electric power system industry and to look ahead to efforts that jointly promote the rapid development of game theory in the perfect open EM field.
I. INTRODUCTION
The non-renewability of fossil energy and the environmental pollution issues caused by its production and consumption have slowly and severely affected the rapid development of human economy and society. In 2011, the famous American economist Rifkin [1] first proposed the concept of Energy
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Internet and made a concrete definition of it: People can produce and share renewable energy resources in a decentralized and free manner, and the existing power grid will become a shared peer-to-peer energy network. The technical basis for the development of the Energy Internet is smart grid. Compared with traditional power grid, the smart grid has the characteristics of bidirectional interaction of power flow and information flow [2] . It builds a highly intelligent energy exchange network through high-speed and real-time communication technology and advanced data measurement and acquisition technologies.
With the bidirectional interaction capability of information and power of smart grids, the role of demand-side users in the power grid is gradually emerging. For power generation corporations (which are collectively refer to electricity suppliers), how to effectively improve its profitability and user's electricity use satisfaction through effective userfriendly interactions is an important issue that needs to be solved urgently. For power grid companies and power sales companies (which are called electricity sellers), how to enrich their profit models by interacting with grid companies and power consumers to effectively participate in electricity market (EM) transactions is very important. For power consumption users (which are collectively called electricity users), small and medium electricity users with low energy consumption such as residential and commercial users mainly interact with power grid through demand-responsive market means to achieve load flexibility and improve terminal power efficiency; large electricity users with high energy consumption such as industrial users mainly interact with the power generation side through the power retail market to balance the supply and demand of source and load, and improve the reliability of power supply; and users with distributed renewable energy resources can participate in the market as the stakeholders of the purchase of electricity, and can also sell electricity to the grid as the stakeholders of the electricity sales, called prosumers. For these above-mentioned types of electricity users, how to effectively interact with electricity suppliers and electricity and electricity sellers to improve the comfort of electricity consumption and reduce the cost of electricity is the primary concern for them.
Therefore, demand-side users are increasingly pursuing the development of smart electricity utilization (SEU) [2] . The core feature of SEU is to realize flexible interaction between power grid and user energy flow, information flow and service flow. As the core business that can best reflect flexible interactive features in SEU, the power demand response is currently developing in the direction of integrated demand response (IDR) [3] , [4] and automated demand response (ADR) [5] - [8] . Among these, IDR targets the multi-energy users in Energy Internet or smart energy hub, and ADR targets the demand-side users in the smart grid. The main characteristics of power demand response (DR) are standardization of information interaction, intelligent decision making and automation of execution.
In this context, the EM under the smart grid has also been open and ever-growing, and the participants in the EM have become more and more complex and diverse [9] , [10] , including traditional power grid enterprises and power consumers. In addition, a large number of distributed generations, energy storage, controllable loads, and electric vehicles (EVs) have emerged in the power grid, making EM more open, complex and diverse. Not only traditional power grid enterprises, power producers and power consumers affect the development of EM, but also new power supply entities (NPSEs) such as emerging power sales service providers and load aggregators are influencing the development of EM to varying degrees, making the economic behavior of power trading very complicated. Therefore, due to the large number of users on the DR and the variety of loads, especially the widespread use of distributed power sources and EVs, and the diversification of the stakeholders of electricity sales and trading modes in an open EM, the determination of the optimal strategy is very challenging for the demand-side decision-making stakeholders. Actually, the optimal theoretical system of traditional single stakeholder-based decision-making has gradually been unable to satisfy the strategy optimization among multiple decision-making stakeholders [10] .
In view of this, to investigate the complex economic behaviors of different stakeholders, as a solution to the optimization of multi-stakeholder decision-making, game theory is expected to become a powerful tool to solve the issues existing in power DR in a fair environment [11] . For instance, in the EM, game theory is heavily used to analyze power producer bidding strategies and establish EM models, such as Cournot model [12] , [13] and Bertrand model [14] , [15] . Specifically, when the power producers in the EM make quotations, they need to consider the quotation strategies of other power producers when the information is not enough (i.e., the information is limited for available). At this point, the incomplete information-based static game theory [16] in game theory can provide a good theoretical guidance for the determination of quotation strategies.
It is foreseeable that as the DR becomes more prominent in the smart grid, good decision-making tools for demandside users are of great significance for the construction of a strong smart grid [17] . Therefore, the application research of game theory on the power DR also has important theoretical and practical significance. To this end, this paper conducts a detailed survey on game-theoretic approaches for power DR in the EM in terms of three categories of games, including non-cooperative game [18] , cooperative game [19] , and evolutionary game [9] , [20] , [21] . In particular, we separately select Stackelberg game [22] and Bayesian game [23] from non-cooperative games to review their applications in power DR. In summary, this paper contributes in the following aspects: 1) We briefly describe the main contents of game theory and game behaviors of the EM among electricity suppliers, electricity sellers and electricity users in terms of power DR.
2) We comprehensively introduce the principle of abovementioned three categories of games as well as Stackelberg game and Bayesian game, and then thoroughly review their applications in power DR in the context of open EMs such as retail market, spot market, wholesale market and ancillary service market, considering the EM competitions such as electricity pricing and electricity trading among electricity supplier side, electricity seller side and electricity user side.
3) We offer some prospects on the application scenarios development and corresponding research directions for the above-mentioned five game-theoretic approaches in the field of EM from the perspective of power DR.
On the whole, the biggest innovation of this paper lies in conducting a comprehensive survey on the major gametheoretic approaches applied to competitive transactions in the open and ever-growing EMs from the perspective of power DR. We conduct this survey on relevant achievements of game theory obtained recently in EMs such as retail market, spot market, wholesale market and auxiliary service market from aspect of power DR, with the goal of hoping to arouse the interest and excitement of experts and scholars in the energy and electric power system industry and looking ahead to efforts that jointly promote the rapid development of game theory in the perfect open EM field.
The rest of the paper is organized as follows: Section II briefly introduces the main contents of game theory and the game behaviors in EM on electricity supplier, electricity seller and electricity user sides. Based on the introduction of non-cooperative game, cooperative game and evolutionary game, Sections III, IV and V thoroughly review their applications in power DR in the context of open and evergrowing EM, respectively. In addition, we also separately review Stackelberg game and Bayesian game in EMs in terms of power DR in Sections VI and VII, respectively. Moreover, in Section VIII, we offer some prospects on the application of game-theoretic approaches in power DR in the future. Finally, Section IX concludes this paper. In addition, a nomenclature is contained in the end of this paper.
II. GAME THEORY AND GAME BEHAVIORS IN THE EM
As stated previously, more and more new stakeholders on electricity supplier side, electricity seller side and electricity user side participate in EM trading, thus making the transaction behaviors in EM become increasingly complex and diverse. In this context, how to solve the issue of multistakeholder decision-making in EM become crucial, which can be summarized into a class of multi-agent and multiobjective optimization decision problems of complex systems. To overcome such EM optimization decision-making problems, game theory has become a powerful tool in recent years [17] , [24] . To this end, this section introduces the basic principle of game theory and general game behaviors appear in EM among electricity supplier side, electricity seller side and electricity user side.
A. GAME THEORY 1) INTRODUCTION
Game theory is a branch of modern mathematics. It is mainly used to investigate how a stakeholder or player can make a decision that is conducive to can make a decision that is conducive to the maker's own decision according to the maker's own capability and the information the maker has mastered when there are conflicts of interest between multiple decision-making stakeholders [25] . The evolution of game theory is demonstrated in Figure 1 . Further, game theory can also be considered as a theory of policy interaction, that is, each decision-making stakeholder must consider how other decision-makers act and how such actions will affect their own interests. In a word, game theory is a theory of investigating the mutual influence of strategies. In a game problem, each participant must consider how other participants act when making decisions. Since its birth, game theory has had far-reaching influence on many fields such as economics, sociology, military science, political science and engineering science [9] . It has become an indispensable analytical and auxiliary design tool in the field of control and decision-making.
Generally speaking, game theory is mainly composed of cooperative game, non-cooperative game and evolutionary game. Among these, the cooperative game theory is founded by Neumann and Morgenstern [26] , and the non-cooperative game is represented by Nash's work [27] - [30] . He proved the existence of non-cooperative game solution, that is, the existence of Nash equilibrium, thus laying the theoretical foundation of modern non-cooperative game. As for the evolutionary game, it is generally recognized that it was officially founded by Maynard Smith and Price [31] . This theory can be regarded as an organic combination of general game theory and dynamic evolution process [32] . Among these, the former focuses on the game problem within the framework of bounded rationality rather than complete rationality, while the latter draws on the biological evolution theory in biology field. In short, the decision-making stakeholders (i.e., players or participants) in an evolutionary game constantly adjust their own strategies according to environmental changes and the strategies of other decision-making stakeholders in order to adapt to the game environment under the conditions of limited knowledge, information and reasoning ability [9] , [33] .
For a standard game model [9] , it includes at least three elements: participants, strategy, and payment or income. VOLUME 7, 2019 Among these, we assume that N = {1, 2, · · · , n} represents a set of participants in an n-player game; S i denotes the strategy set of participant i ∈ N ; S = {S 1 , S 2 , · · · , S n } refers to the strategy set of all participants in an n-player game; s = {s 1 , s 2 , · · · , s n } represents the strategy combination of all participants; and u = {u 1 , u 2 , · · · , u n } means payment or income, which is used to quantify the benefits of participants in the game, and denotes the payment or income vector of all participants. In an n-player game, the goal of the participants is usually to minimize payments or maximize incomes. Based on this, a typical n-player game [9] can be expressed as G = {N ; S 1 , S 2 , · · · , S n ; u 1 , u 2 , · · · , u n }.
(
which shows a standard game model. For example, as shown in equation (1), the Nash equilibrium is such a combination of strategies that allows each participant's strategy to be optimally responsive to other participants' strategies at the same time [27] - [30] .
2) CLASSIFICATION
As mentioned previously, game theory is mainly divided into three branches: cooperative game, non-cooperative game and evolutionary game. Generally speaking, the games can be divided into classic game and evolutionary game according to the degree of rationality of the participants. Among these, the classic game requires participants to be completely rational, while the evolutionary game only requires participants to have bounded rationality [9] . In addition, the classic game can be divided into cooperative game and non-cooperative game according to whether the participants cooperate or not. At this point, according to the degree of understanding of the participants' information on other participants, the game can be divided into a complete information game and a Bayesian game with incomplete information; and according to the order in which the participants take actions, the game can be divided into static games and dynamic games. Overall, there are many classification methods for game theory, as demonstrated Figure 2 , which illustrates a detailed game classification from seven aspects, including the behavioral logic, the game process, the degree of understanding of the players, the number of players, different types of strategies, the payoff, the rationality of the players, and the structure of the game process information. Actually, since 1994, a total of seven times of Nobel Prize in economics have been awarded for game theory research.
B. GAME BEHAVIORS IN EM
In an open and ever-growing EM, there is a fierce game relationship between power generation companies, power grid companies, power sales companies, and power consumers [9] . Actually, on one hand, the electricity sellers and trading models in the EM are developing in a diversified direction. Thus, the opening of the electricity sales market makes demand-side resources no longer only concentrated on the user loads, and it also includes distributed energy such as distributed generation, distributed energy storage and EVs [34] , [35] . On the other hand, power consumers are not only given the right to freely choose the electricity sellers, but also can directly conduct power transactions with the power generation companies, such as the high energy consumption users (e.g., big industrial users). In addition, the users with distributed energy resources such as solar energy and wind energy gradually become prosumers [36] , that is, they are both consuming energy and have the option of trading superfluous energy with the electricity sales companies. Therefore, the development of multi-agent and diversified transactions in the open and ever-growing EM will inevitably have complex and intricate game behaviors [9] , [37] . On the whole, these above-mentioned participants can be divided into electricity suppliers such as power generation companies, electricity sellers such as power sales companies and power grid companies, and electricity users (i.e., power consumers) such as residential, commercial and industrial users, and users with distributed energy resources. Accordingly, they are called electricity supplier side, electricity seller side and electricity user side, respectively. Therefore, the game relationship between above participants can be summarized as game relationships between electricity supplier side and electricity seller side, game relationships between electricity seller side and electricity user side, game relationships between electricity user side and electricity supplier side, and game relationships among electricity supplier side, electricity seller side and electricity user side. These game behavior relationships in EM are demonstrated in Figure 3 , and they are introduced as follows. Based on Figure 3 , Zeng et al. [38] construct a concrete application structure of an EM containing generation side, 
1) GAME RELATIONSHIPS BETWEEN ELECTRICITY SUPPLIER SIDE AND ELECTRICITY SELLER SIDE
In a traditional EM, the game relationships between electricity supplier side and electricity seller side are very common, and there is often a fierce game relationship between them. However, under such an EM trading mechanism, since the EM is not yet open, the power consumers on the DR often only passively accept the sales prices released by the grid companies. At this time, there is no direct competition between electricity users and between grid companies.
2) GAME RELATIONSHIPS BETWEEN ELECTRICITY SELLER SIDE AND ELECTRICITY USER SIDE
In an open and ever-growing EM, the game relationships between electricity seller side and electricity user side are always reflected in two cases. One is the game relationship between the small and medium users with a level of low energy consumption (e.g., the residential and commercial users) and the power grid companies and power sales companies. At this point, such users are an important part in power DR, and they will change the way of electricity use to reduce their electricity bills under the incentive of the electricity price mechanism [39] . During the process of power DR, the user's electricity demand will affect the electricity price through the market. As a result, because each electricity user has a goal of minimizing the cost of electricity use, there will be a game relationship between these users. Moreover, in an open EM, the electricity seller side is also open for all electricity users, thus these small and medium users can freely choose the electricity sellers from the EM with the goal of minimizing the cost of electricity use. At this point, power sales companies and power grid companies both want to attract more users to maximize their own benefits, thus there will be a fierce game relationship between users and power sales companies and power grid companies.
In addition, there is also a special type of power consumers on the electricity user side, and they are both energy consumers and energy producers, called energy prosumers [40] . Such electricity users have some distributed energy resources such as roof photovoltaic, EVs and wind generation, thus they can use distributed energy or energy storage equipment and EVs to finish discharging and they can also implement transactions in the EM as an electricity seller. In order to minimize the cost of electricity use or maximize the profits in the transaction, these electricity users as prosumers will need to play games with other electricity sellers (i.e., other prosumers), power grid companies and power sales companies.
3) GAME RELATIONSHIPS BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SUPPLIER SIDE
Apart from above-mentioned small and medium electricity users with low energy consumption, for the electricity users with high energy consumption (who are called large electricity users) such as large industrial users, they will also need to participate in electricity trading in an open and evergrowing EM. At this point, in order to reduce their production costs, they are bound to prefer to conduct direct electricity purchase transactions with power generation companies [41] , [42] . Accordingly, there will be a game relationship between the electricity supplier side and electricity user side. In this type of game, the electricity supplier side as sellers and the electricity user side as buyers will both try to get the most benefit from the transaction, which results in a direct purchase game between them. At this point, such games may occur between a single large industrial user and a single power generation company, or between multiple large industrial users and multiple power generation companies.
4) GAME RELATIONSHIPS AMONG ELECTRICITY SUPPLIER SIDE, ELECTRICITY SELLER SIDE, AND ELECTRICITY USER SIDE
In an open and ever-growing EM, as various stakeholders are free to participate in EM transactions, we need to simultaneously consider the game relationships among VOLUME 7, 2019 electricity supplier side, electricity seller side and electricity user side. This means that we need to extend the convergence domain of the game system from a two-dimensional plane to a three-dimensional space [9] , [17] .
Specifically, we take the aforementioned power grid companies (here we divide the power grid companies into the electricity supplier side), NPSEs (which denotes the electricity seller side) and power consumers (which represents the electricity user side) as an example, who participate in EM trading in aspects of time-of-use (TOU) electricity pricing and electricity sales trading, as demonstrated in Figure 5 . At this point, according to the idea of non-cooperative game, there is no mutually binding agreement between the participants in the game, which means that they all have individual rationality, and both of them aim at maximizing their own interests for power trading. Based on this, if we assume that the power grid companies are treated as the dominant player of the game, who first set the price of electricity for each time period; then, the NPSEs refer to the grid companies' electricity prices, consider their own conditions and needs, and give their own electricity prices; and finally, the power consumers will select the power suppliers according to their own power demands and the price given by each power supplier, and make power arrangements at each moment. In this example, there is a complex game relationship among electricity supplier side, electricity seller side and electricity user side, and in which they all participate in the EM game with the goal of maximizing their own interests [9] . 
III. NON-COOPERATIVE GAME-THEORETIC APPROACH AND ITS APPLICATIONS IN EM
In a non-cooperative game, there is no binding agreement between the participants or players. This type of game can be divided into static game and dynamic game (see Figure 2) . As stated previously, non-cooperative game theory is represented by Nash's work [27] - [30] . He first proved the existence of the non-cooperative game solution under certain conditions, that is, the existence of the famous Nash equilibrium, thus laying the theoretical foundation for the modern non-cooperative game. Nash equilibrium is a core concept in non-cooperative game theory. It means that no participant can get more benefits by unilaterally changing its strategy when all participants are in a Nash equilibrium state. This concept has been widely used in multi-party non-cooperative games in an EM. To this end, this section first introduces the basic concepts of non-cooperative game theory, and then focuses on the application of non-cooperative games in multi-party game-based power DR in the EM.
A. NON-COOPERATIVE GAME THEORY 1) BASIC CONCEPTION
The non-cooperative game is completely different from the cooperative game. The difference between them is whether there is a binding agreement between the parties (i.e., the stakeholders or players) in a game. If there is, the game is a cooperative game. Otherwise, it is a non-cooperative game. Generally speaking, non-cooperative games can be divided into static games and dynamic games. In a static game, all participants select actions at the same time, or although they are not at the same time, but the players in the post-action are not aware of the actions taken by the players who act first; hence, static non-cooperative games are also commonly referred to as strategic games. In contrast, in a dynamic game, the participants' actions are taken in order, and the participants can obtain the historical information of the game, and optimize their actions according to all the information currently available before making a decision. From the perspective of the characteristics of non-cooperative games, most of the control and decision problems in smart grid belong to the category of non-cooperative games, such as robust optimization and robust control. Certainly, in the EM, non-cooperative games are also widely used, especially for multi-objective optimization problems. Different targets in such problems are often competitive, and the optimization goal of one party is often at the expense of the other party's interests.
2) NASH EQUILIBRIUM
Nash equilibrium is a very important concept in noncooperative game theory, which means that no player can achieve more benefits by unilaterally changing its own strategy when all players in a Nash equilibrium status. As shown in Figure 2 , non-cooperative games can be subdivided into four categories of games based on the game process and the degree of information understanding by participants: complete information-based static game, complete informationbased dynamic game, incomplete information-based static game, and incomplete information-based dynamic game. Nash equilibrium has different expressions in these four game forms, and the corresponding equilibrium concepts are Nash equilibrium, subgame perfect Nash equilibrium, Bayesian Nash equilibrium, and perfect Bayesian Nash equilibrium (see Figure 2) . Specifically, the basic conception of Nash equilibrium is given as follows.
We call a mixed strategy combination σ * i is a Nash equilibrium when it satisfies the following inequality [43] :
when the above strategy σ * i is a pure strategy, we call it as a pure strategy Nash equilibrium s * . Obviously, the definition of mixed strategy Nash equilibrium in (2) is a more general definition, thus pure strategy can be seen as a special form of mixed strategy. Nash equilibrium has characteristics of strategically stable and self-reinforcement [43] . In fact, only Nash equilibrium allows each participant to recognize this outcome and has no incentive to deviate from this outcome, and all participants know that other participants also accept this outcome.
3) SOLUTION METHODS
For the non-cooperative games, generally, it is difficult to solve the Nash equilibrium and prove its existence due to the diversification of practical problems and their complexity and variability, especially when there are many participants in a non-cooperative game. Actually, researchers usually prove the existence of equilibrium by proving the existence of a solution to a fixed point problem [44] . However, this will be a complex mathematical issue that is not conducive to promotion to practical applications. To this end, for some game models with specific behavioral space and income function with special structural properties, many scholars have proposed a series of methods to prove the existence of Nash equilibriumin these models. Among these, one of the classic methods for existence proof is given by Nash, Jr. [28] . Among these methods, the commonly used methods for solving non-cooperative game Nash equilibrium are the best response and fictitious play strategies [45] , [46] , in which each player chooses the action that maximizes its payoff given the actions of the other players. Recently, the distributed optimization game algorithms have been widely concerned [47] . In addition, the algorithms based on learning theory for Nash equilibrium solving have also been widely used [48] .
B. A SURVEY
As stated previously, non-cooperative games are one of the most common types of games in practical multi-stakeholder game issues. The power DR in the open EM is more reflected in the electricity user side, which is treated as one party of the stakeholders participating in the EM electricity pricing and electricity purchasing. This is mainly due to the diversification of power consumers on the electricity utilization side. Actually, with the rapid development of EM in the smart grid and Energy Internet, compared with traditional power consumers, the electricity user side includes both small and medium users with low energy consumption, such as common residential users and building commercial users, as well as large users with high energy consumption, such as large industrial users. Certainly, in addition to these types of users, the electricity user side also includes prosumers who can both consume energy and produce energy. For these prosumers, they can conduct two-way energy trading with the electricity seller side (e.g., power grid companies and power generation companies) through various distributed energy devices such as distributed energy storage systems, distributed generation and EVs. In the process of this electric energy transaction, the prosumers can freely sell electricity to the stakeholders on the electricity seller side based on the above-mentioned distributed energy devices. Here, the electricity seller side includes power grid companies, emerging electricity sellers, load aggregators, and so on. Therefore, the application of game theory in this two-way transaction process can provide a new way for the prosumers to make optimal decisions. In fact, game theory has been widely used in the power DR between the electricity user side and electricity seller side, especially the non-cooperative game theory and the cooperative game theory. In this section, we mainly review the application of non-cooperative games.
1) POWER DR BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SELLER SIDE IN EM
In the aspect of EM trading between the electricity user side and electricity seller side, Geerli et al. [18] consider the pricing structure between an electric utility on electricity seller side and independent power producers on electricity user side via constructing a market model based on noncooperative game. In this model, the non-cooperative game rules developed for the two types of stakeholders can be seen as an extension of the conventional equalizing incremental cost method for the deregulated power systems. Moreover, a Nash equilibrium of the non-cooperative game is used to analyze the negotiation between the two stakeholders, and it shows that the Nash equilibrium and the Stackelberg strategy have different solutions when the purchased electric energy is assumed to depend on its price or a function of the price. Marzband et al. [49] construct an EM structure with high penetration of distributed energy resources (DERs) based on non-cooperative game theory. In addition, the electricity users in this market structure are able to participate in the market as producer and consumer at the same time (i.e., prosumers). Based on a full consideration of related uncertainties, the DERs can take the price bidding strategies to maximize their expected payoff or profit at a Nash equilibrium in the market structure. Moreover, the effectiveness and accuracy of this market framework are verified via a case study. Su and Huang [10] construct an n-person noncooperative game-theoretic framework for a next-generation retail EM with high penetration of distributed residential electricity suppliers. The effectiveness of this framework is verified via an IEEE 13-bus simulation case, and the simulation results demonstrate that as a seller participating in power DR, the residential users can play a vital role in the operation and management of distributed generation and energy storage. Researchers in [50] design a new energy cost function to apply to the scenario of electricity trading between VOLUME 7, 2019 the electricity user side and electricity seller side, where the electricity user as a prosumer can use the energy storage to sell electricity to the grid. Specifically, the non-cooperative game model is employed to minimize the energy costs of users via optimizing the load schedule of users at various times.
In addition, based on non-cooperative game theory, researchers in [51] adopt a non-cooperative game approach to investigate the game behavior of residents and the grid when conducting bilateral transactions. In this trading scenario, users can supply power to their loads through distributed generation and energy storage devices, and can also sell electricity to the grid when they have superfluous energy supply. Certainly, in addition to the above research work, scholars also investigate how to promote the use of EVs by the power consumers to participate in power DR between electricity user side and electricity seller side. For instance, researchers in [52] and [56] investigate how to use EVs as a medium for trading between the electricity user side and electricity seller side (e.g., power grid companies, emerging electricity sales companies, EV aggregators, load aggregators), and use the multi-agent game mechanism to obtain the Nash equilibrium of electricity users participating in the EM transaction through the EV charging and discharging strategies. However, although the researchers in [55] adopt the noncooperative game method to optimize the trading strategy, they do not consider the transferability and uncertainty of user's other loads.
Apart from prosumers discussed above, the general power consumers on electricity user side often conduct electricity trading with power sales companies on electricity seller side. Specifically, the electricity sales companies release the electricity price for each time period, and accordingly, the electricity user give a strategy for electricity purchasing. In this process of trading, non-cooperative game theory is mainly applied in TOU mechanism-based electricity trading and real-time pricing (RTP) mechanism-based electricity trading between electricity user side and electricity seller side. For example, Jalali and Kazemi [57] establish a non-cooperative game model on the electricity user side and the electricity seller side (i.e., the power sales company) respectively, and conduct simulation verification with three power sales companies and 1000 users as a case study in the simulation analysis. The simulation results show that this proposed noncooperative game model can reduce the user's energy consumption cost and the peak-to-valley difference of the power grid, and can also be applied to the power system with largescale residential users. Maharjan et al. [58] develop a Stackelberg model combining with a non-cooperative model to analyze the electricity pricing decision between the electricity sales company and the electricity user side. In this proposed model, the Lagrange multiplier method is used to derive the optimal power purchase combination from different power sales companies, so as to maximize the utility of user's power consumption. Based on TOU mechanism, Yang et al. [59] introduce the non-cooperative game mechanism to the energy trading between the electricity sales company side and the electricity user side. During the energy trading process, on one hand, the electricity sales companies can effectively increase their profitability via optimizing the price of electricity sold in each time period, and on the other hand, in order to improve the electricity consumption satisfaction and simultaneously reduce the energy consumption cost, the electricity user side will reasonably arrange and optimize their loads in each time period under the premise of passively accepting the TOU prices.
In addition, non-cooperative game theory also has been applied in RTP-based power DR between users, or between the electricity seller side and electricity user side from the perspective of optimizing the electricity cost of individual user. For example, Samadi et al. [60] use the difference between utility and electricity cost as the target of user participating in simulation modeling of a non-cooperative game. In this model, the researchers assume that the utility generated by the user's electricity utilization is a quadratic function of the electricity consumption amount, and the electricity price is a linear function of the electricity consumption amount. Chen et al. [61] develop a power function type electricity price model for autonomous demand side management based on energy consumption scheduling and instantaneous load billing. In this model, researchers use the theory of variational inequality to solve the power range in the case of the existence of Nash equilibrium in a non-cooperative game, and thereby establishing a non-cooperative game model between the electricity users regarding the electricity cost. In addition, researchers in [62] use non-cooperative game theory to establish a two-layer game model on the electricity sales company side and residential user side, which can effectively reduce the peak-to-valley difference of load and the energy costs.
2) POWER DR BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SUPPLIER SIDE IN EM
In the aspect of EM trading between the electricity user side and electricity supplier side (e.g., power generation companies), the non-cooperative game theory has also been applied initially, especially for direct electricity purchasing transactions between large industrial users with high energy consumption and the power generation companies. In fact, most of the research work in this aspect has been conducted in a trading mechanism similar to direct power purchasing. Specifically, based on such face-to-face direct power purchasing mechanism, the electricity supplier side and the large power users (i.e., the electricity user side) conduct a bilateral transaction through face-to-face direct negotiations, and during which both parties involved in the transaction hope to optimize their utility functions through the formulation of their own strategies. For this reason, based on non-cooperative game theory, under the bilateral transaction mode that takes into account the direct transactions between multiple power producers (i.e., the electricity supplier side) and multiple large users (i.e., the electricity user side), Wu [63] investigates the issues of large users' optimal power purchasing combination and power suppliers' optimal bidding strategy considering the willingness of the two parties involved in the transaction. Specifically, on one hand, the power producers obtain more contract shares through the competition of contract quotation, and on the other hand, according to the quotation of each power producer and the predicted electricity price of the spot market at each time of the contract period, the large users will formulate the power purchase strategy within the contract period, that is, the contracted electricity capacity of each power producer and the purchase of electricity in the spot market. According to the above game behavior, and under the condition of complete information, Wu [63] establishes a master-slave game model including the non-cooperative game between the upper power producers and the optimization of the power purchasing cost of the lower-level large users. The existence of Nash equilibrium of the non-cooperative game has been proved and the effectiveness of the entire game model has been verified. In addition, researchers in [64] build a complete information non-cooperation bi-level programming model considering that the electricity pricing and the products price for large customers both affect the benefits of all participants in the course of the direct power purchasing, with the goal of finding the best pricing status and achieving the equilibrium of all participants in the system based on game theory. In the case study in [64] , researchers analyze the different effects of cooperative games and non-cooperative games in direct power purchasing, and the results show that the global equilibrium pricing strategy generated by the established game model can ensure the balance between the electricity user side and electricity supplier side, and can guarantee the stability of the transaction. In this bi-level non-cooperative game model established in [64] , the game process of selecting the electricity pricing models in the upper-level is demonstrated in Figure 6 . 
3) POWER DR BETWEEN ELECTRICITY SELLER SIDE AND ELECTRICITY SUPPLIER SIDE IN EM
In aspect of power DR between electricity seller side and electricity supplier side in EM, non-cooperative game theory has been preliminarily applied to solve the EM equilibrium. For instance, Zhao et al. [65] construct an equilibrium model of EM based on non-cooperative game for the electricity supplier side containing wind farms and thermal power plants and the power grid companies as the electricity seller side. This Nash equilibrium-based three-party non-cooperative game model is used to analyze the main factors influencing utility of each player. Moreover, the dispersed point pattern and chain net model are proposed in the non-cooperative game model. A case study conducted for this game model shows that the transaction service fee charged by power grid companies, surplus electricity price and penalty paid by thermal power plants may change the transaction mode. Moreover, some factors have been found that can directly affect the utility value of the players in this non-cooperative game, but they make no effects on distribution of Nash equilibrium dots. These influencing factors include the government subsidies for wind power, the power generation cost of wind farms and thermal power plants, and the average electricity purchasing cost of power grid companies. This Nash equilibrium-based three-party non-cooperative game model involving wind farms, thermal farms and power grid companies is demonstrated in Figure 7 .
FIGURE 7.
Illustration of the Nash equilibrium-based three-party non-cooperative game model involving wind farms, thermal farms and power grid companies developed in [65] .
In addition, researchers in [66] investigate the gaming equilibrium among the electricity supplier side (which contains fossil-fueled generation companies and wind generation companies), the electricity seller side (which refers to the grid company) and the electricity user side (i.e., the customers) participating in an emission trading market and the day-ahead EM, and finally propose a complementarity method to obtain the Nash equilibrium; and in [67] develop a bi-level model to find the equilibria in the short-term EM with large-scale wind power penetration, and finally the Nash equilibria of the EM containing the electricity supplier side and electricity seller side are obtained by solving the equilibrium problem with equilibrium constraints using game theory and the diagonalization algorithm, and the case studies verify the effectiveness of the proposed non-cooperative model.
4) A BRIEF SUMMARY
Overall, non-cooperative games in game theory are the most widely used in power DR of EM. However, due to the diversification of practical multi-party game problems and VOLUME 7, 2019 their complexity and variability, especially when the game issue involves numerous participants from different parties, there are some difficulties in proving the existence and solving of Nash equilibrium. For this reason, researchers have put forward some effective methods, such as [45] - [48] , best response, fictitious play strategies, distributed optimization game algorithms, and the algorithms based on learning theory.
IV. COOPERATIVE GAME-THEORETIC APPROACH AND ITS APPLICATIONS IN EM
In an open and ever-growing EM, the power sales stakeholders on the electricity seller side such as wind farms and photovoltaic stations generally belong to different parties or players in an EM game. Moreover, the natural complementarity of wind and photovoltaic resources makes it possible for the cooperation between the two to achieve more benefits in the EM transactions. Therefore, cooperative game theory can be used as an effective analytical tool to reasonably determine the cooperation mode and income distribution mechanism of the two types of stakeholders. To this end, aiming at the power DR in the EM among electricity supplier, seller and user sides, we first briefly introduce the basic principle of cooperative game in this section, and then comprehensively summarize the application of cooperative game theory in power DR of EM.
A. COOPERATIVE GAME THEORY 1) BASIC CONCEPTION Cooperative game theory was first founded by Neumann and Morgenstern [26] . In a cooperative game, there is a binding agreement between the participants, and the participants are no longer completely confrontational, but present a cooperative status. Cooperative game theory aims at how to achieve cooperation for participants and how to allocate the additional incomes produced from interactions for each participant. Therefore, cooperative game issues are generally solved based on Nash bargaining game theory [27] , [30] and the Shapley value-based methods [68] . For instance, the Shapley value is defined as follows. For a cooperative game G = N , v , |N | = n, the Shapley value of the participant i is defined as
where δ i (S π (i)) is the marginal contribution of the participant i under the given permutation π; P(N ) is the set of all permutations under the set N = {1, 2, · · · , n}, and then the number of potential permutations in the set N equals to the permutation of {1, 2, · · · , n}, and which is n!; ϕ i (G) is the average of the marginal contribution under possible orders. In addition, the π refers to a change in order, and it is defined as a one-to-one mapping of the sequence number set to itself, namely π : {1, 2, · · · , n} → {1, 2, · · · , n}. For the element i and permutation π ∈ P(N ) selected in the set N = {1, 2, · · · , n}, all the elements before the element i in the set after a permutation π form a collection and it refers to S π (i). For the C ⊆ N , which means any subset
Overall, from a computational point of view, the calculation of the Shapley value can also be regarded as a sampling of the participant set permutation π.
2) CLASSIFICATION
In a cooperative game, if the additional income from players' cooperation can be distributed among the participants, the game is called a transferable utility cooperative game, and it is usually a coalitional game; otherwise, the game is called a non-transferable utility cooperative game, and this kind of game can be further divided into two categories: the nontransferable coalitional game and the negotiation problemtype game. Certainly, according to the factors affecting the benefits of the alliance, the transferable utility cooperative game can further be divided into partition function game and characteristic function game. The former refers to the fact that when all the players in the game form a number of alliances, the income of each alliance depends on their own actions, and also depends on the actions of other alliances. This is also the most common situation in a transferable utility cooperative game. The latter is a relatively special kind of cooperative game. In this game, the benefits of the alliance depend only on the actions of the alliance itself, and have nothing to do with the actions of other alliances. Therefore, in this type of cooperative game, each alliance can be identified by the benefits determined by its own best actions. At this point, the feature function is the benefit of the alliance. In addition, from the perspective of game structure, the cooperative game can also be divided into two-person cooperative game and multi-player cooperative game. The former is also called the two-person bargaining problem.
3) SOLUTION METHODS
There are three basic problems in the field of cooperative game theory, and they are cooperative game solutions, structural stability of cooperative game solutions, and formation mechanisms of cooperative game solutions [69] . As stated previously, the cooperative game can be divided into a twoperson cooperative game and multi-player cooperative game. For the former, it is generally solved via the Nash bargaining equilibrium method [27] , [30] , [70] , [71] . For the latter, it is also known as the coalitional game, and its solutions mainly include the core-based dominant solution [72] , and the Shapley value-based valuation method [68] , [73] , [74] .
B. A SURVEY
Cooperative game theory belongs to classical game theory, which has been widely used in power DR among electricity supplier side, electricity seller side and electricity user side. In this section, we conduct a detailed review on application of cooperative game theory in above electricity sides.
1) POWER DR BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SELLER SIDE IN EM
As elaborated previously, the users on electricity user side can be divided into small and medium users, large users, and users with distributed energy resources.
First, for the users with distributed energy resources, called distributed energy users, who are playing an important role in power DR of EM, especially in electricity trading between electricity sellers and electricity users. Here, the electricity seller side includes power grid companies and power sales companies. The distributed energy users are able to use the distributed energy equipment such as energy storage, distributed generation and EVs as a medium to conduct bidirectional transactions with the electricity seller side. During this electricity trading, with the goal of achieving high returns, distributed energy users need to consider many factors such as grid load level, electricity price released in the market and load matching when they are scheduling their distributed energy outputs. Here, the factors such as load level and market electricity price are closely related to the market behavior of other stakeholders. Therefore, in the process of this trading, the application of cooperative games can provide some new ways for distributed energy users to develop strategies. For example, the distributed energy users can use their EVs as a medium for trading between users and the power grid. Here, EVs have the capabilities of storing electrical energy during off-peak hours and supplying the stored energy to the power grid during peak hours. Hence, during this process, we can use some cooperative game mechanisms to investigate the charging and discharging strategies of EVs. To this end, Kim et al. [54] consider a power system with an aggregator on the electricity seller side and multiple customers with EVs on the electricity user side and proposes a cooperative and a non-cooperative approach for the customers to determine how much energy to purchase or to sell to the aggregator while taking into consideration of the load demands of their residential appliances and the associated electricity bill. Specifically, in the proposed cooperative game model, an optimal distributed load scheduling algorithm considering the uncertainty in the load demands is developed to maximize the social welfare of the power system. Moreover, in this model, a worst-case-uncertainty approach is used and some distributed load scheduling algorithms are developed to investigate the impact of the uncertainty. The simulation results show that the energy stored in the EV under the two game modes can both meet the user's energy demand during the peak load period, and can reduce the power supply pressure of the grid and increase the social welfare of the power system.
In addition, aiming at the electricity trading between small and medium users on the electricity user side and the electricity seller side such as power grid companies, power sales companies, and retail market, cooperative game theory has been preliminarily used by scholars. For example, Prete and Hobbs [75] introduce a microgrid that can provide energy, ancillary services, heat and enhanced reliability to its customers to a regulated electricity network and uses the framework of cooperative game theory to assess the interactions among market participants. In this cooperative game framework, based on an assumption of exchangeable utility and full public information, they quantify how microgrid development affects prices, costs and benefits for parties in the network under alternative sets of assumptions. The case study shows that the proposed cooperative game framework is useful to regulators and policy makers for identifying the beneficiaries of microgrid promotion policies, and for correcting the market failures in utility pricing that can distort incentives for microgrid investment. Wang et al. [76] propose a Shapley value determined incentives apportioning method for end-users when wholesale pricing rises. In the proposed model, the Shapley value in cooperative game theory achieves maximal profits equilibrium for each participant in grand coalition game. A case study is conducted to examine the effects of Shapley value-based DR with two IEEE benchmark distribution networks, and the proposed Shapley value-DR program can help retailers assure profitability, and enhance customers' initiatives.
In addition, Peng and Tao [19] thoroughly investigate the electricity retailers in China's spot EM by applying the cooperative game theory and Shapley value to allocate benefit in a deregulated market. Specifically, researchers in [19] introduce a cooperative game under different coalitions to improve electricity retailers' competitiveness, and use the Shapley value, which is one of the well-known solutions to a cooperative game, to distribute profits among multiple participants in an EM and calculate benefit allocation in different provinces of China. Researchers also find that various coalitions may be formed in a cooperative game and cooperation with other participants is an effective measure to improve the competitiveness of retailers in a restructured EM. Srinivasan et al. [77] develop an evolutionary algorithm to generate cooperative strategies for the individual buyers in a competitive power market. Specifically, the buyers cooperate with each other to lower their costs by using an evolutionary algorithm that evolves the group sizes and memberships. The methods developed in [77] also suitable for bigger networks and a larger number of sellers and buyers, and can encourage power buyers to cooperate and mitigate the market power of wholesale sellers. Wang et al. [78] propose a microgrid operation strategy that implements TOU when the demand-side user appropriately transfers the load, which is used to maximize the microgrid revenue and optimize reliability. Specifically, based on the cooperative game theory, researchers use the cooperative game method to jointly optimize the configuration of the three parties, including users who transfer loads, users with load response under TOU tariffs, and energy storage systems, and then adopt an iterative algorithm to find a three-party joint optimization Nash equilibrium point (i.e., the optimal configuration scheme). Based on this, the system joint optimization operation strategies are finally proposed and verified via an actual photovoltaic microgrid system. VOLUME 7, 2019 Moreover, Zhang et al. [79] develop a power purchasing strategy model for electricity sellers in the EM mode based on cooperative game theory. In this model, researchers discuss the changes in the interests of various electricity retailers under the case of alliance formation, and construct a sale equilibrium model of cooperation profit among electricity supplier alliance by using Shapley value method. In addition, researchers perform additional investigations on profit allocation among different electricity suppliers.
Overall, for the small and medium users such as commercial and residential users on the electricity user side, although whose individual energy demand of residential users is not large, there is still a large DR potential due to the large number of users. Currently, in an open EM, the electricity sellers mainly focus on adjusting the electricity price structure to attract small and medium energy users to actively participate in the power DR. Specifically, more effective electricity price mechanisms include TOU mechanism and RTP mechanism. At present, game theory has relatively mature research achievements in these two aspects. However, the existing research is mainly aimed at residential users, and there are fewer applications for commercial users. For example, aiming at investigations on RTP game, the game forms are mainly cooperative game [80] - [82] and non-cooperative game [60] - [62] . Among these, the cooperative game is mainly used to optimize the user' collective electricity cost. For instance, Mohsenian-Rad et al. [80] assume that the power generation cost of the traditional generator sets is a quadratic function form of power generation capacity. Based on this, they establish a one-day total power cost optimization model for all users. Further, they allocate the power consumption cost of each user according to the calculation result that is obtained by multiplying the proportion of daily electricity consumption of each user in total electricity consumption by the cost of all users, and then establish an optimization model of the user game. However, since the proportion of daily electricity consumption of each user in [80] is a constant, each user still takes the minimum collective cost as the goal in the cooperative game, that is, the established game belongs to the category of typical cooperative game. In addition, Baharlouei et al. [81] set a similar game mechanism as developed in [80] . The difference between them is that the user fee in [81] is settled according to each time period; in contrast, it is settled according to the total daily fee in [80] . Researchers in [81] find that the user fee after the load is reduced during the peak period is lower than the cost after the same load is reduced during the flat period based on a comparative case study, and the user in [80] has the same fee in these two cases.
2) POWER DR BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SUPPLIER SIDE IN EM
In aspect of power DR between electricity user side and electricity supplier side in EM, where the electricity user side mainly refers to large power consumers with high energy consumption, such as large industrial users, who can directly conduct transactions with the electricity supplier side, such as the power generation companies, called direct power purchasing model. During this process, cooperative game theory can also play a certain role in the power transactions between a single industrial user and a single power generation company or multiple power generation companies, or between multiple industrial users and multiple power generation companies.
For example, Taheri et al. [83] investigate the power generation companies' bidding strategies in a pool-based EM simultaneously using cooperative game and non-cooperative game theory. Specifically, in the non-cooperative case, a Nash equilibrium can be achieved as an optimal bidding strategy for each competitive generation company. In addition, based on cooperative game theory, researchers propose that the generation companies can make alliances with each other in order to propose their coordinated bids, called coalition condition. They argue that the coalition's optimal bidding strategy can be calculated via cooperative game theory, and the obtained profit from such coalition can be allocated among its members based upon Shapely value. The numerical results show that the cooperative game theory-based alliance proposed in [83] is efficient and has impressive impact on generation companies' profits. Researchers in [84] use the cooperative game model for energy supply system planning in the market environment. In the proposed model, they also consider the possibilities of forming coalitions between companies. A case study shows that the proposed cooperative coalition model is rational and efficient in energy supply system planning in the market environment.
In addition, Wang et al. [85] consider the wind power supplier on the electricity supplier side and the EV aggregator on the electricity user side as stakeholders participating in day-ahead EM trading. In this study, researchers thoroughly investigate the impacts of a virtual power plant (VPP) formed by wind power producer (WPP) and EV aggregator on EM equilibrium outcomes. Specifically, they apply the Shapley value conception in cooperative game theory to allocate the VPP profits between WPP and EV aggregator, which is verified reasonableness and effectiveness via numerical examples. Moreover, they argue that when WPP and EV aggregator bid in a VPP mode, the bid error will be lowered and both profits of WPP and EV aggregator will increase. This means that the WPP and EV aggregator have incentives to voluntarily form a VPP to participate in the EM. The schematic diagram of VPP participating in the day-ahead EM proposed in [85] is demonstrated in Figure 8 .
3) POWER DR BETWEEN ELECTRICITY SELLER SIDE AND ELECTRICITY SUPPLIER SIDE IN EM
Actually, with the rapid develop of renewables in the smart grid, more and more new energy producers participate in EM trading with power grid companies, or power consumers, or even emerging power sales companies. Among these, the cooperative game theory is very suitable for the power DR between the new energy suppliers such as wind farms and photovoltaic farms and the electricity sellers such FIGURE 8. Illustration of the VPP participating in the day-ahead EM proposed in [65] , where the joint operation of wind power with EVs is helpful to alleviate the negative effects of wind power integration on power systems. x i here means the power generation output of the i th power generation company.
as power grid company, power sales company and EV aggregator. This is because the natural complementarity of wind power and photovoltaic resources can make the cooperation of the two have the potential to benefit. Therefore, the cooperative game as an analytical tool can provide a new way to reasonably determine the cooperation mode and income allocation for the two.
To this end, aiming at the fact that the phenomenon of wind curtailment is getting worse in China due to the serious shortage of power peaking capacity of regional power grid, Li et al. [86] introduce an idea of cooperative game of wind and thermal power and consider a principle that maximizes benefits of wind power and thermal power enterprises, and finally compare the benefits of power generation companies gained in the situations of wind and thermal power participating in market transactions with that in the situations of companies independently participating in market transactions. The comparative results show that the joint operations of wind and thermal power companies are better than single operation. In this study, the cooperative game theory is used to build a symbiotic model of wind farm and thermal power plant, which can provide the most optimal solution to the allocation of increased interests, and provide a theoretical basis for promoting cooperation and joint market transaction of wind power and thermal power.
In addition, researchers in [87] investigate the energy trading among flexible DR aggregators and a distribution company with self-owned generators. Specifically, they model the economic interaction between distribution company and DR aggregator as a bargaining-based cooperative game, where the distribution company and DR aggregators collaboratively decide the amounts of energy trade and the associated payments. The results show that such a bargaining-based cooperative interaction is beneficial to both distribution company and DR aggregators. Based on the Nash bargaining theory in cooperative game theory, the increased benefits from cooperation between the distribution company and DR aggregators can be fairly allocated among these participants. Overall, compared with a non-cooperative game, the bargaining-based cooperative game proposed in [87] can further improve the benefits of the distribution company and DR aggregators, and simultaneously the bargaining outcome can maximize the social welfare of the system. Aiming at such bargaining problem, the researchers in [87] propose a decentralized solution with minimum information exchange, which is verified to be effective in this proposed bargaining-based cooperative game framework. In addition, researchers in [88] also design a cooperative game mechanism based on the side payment for the thermal power plant to participate in wind power heating in EMs, which is proven to be effective in promoting the participants' enthusiasm to the transaction.
4) A BRIEF SUMMARY
Overall, for the power DR in an open EM, cooperative game theory is mainly applied in two aspects. One is how to achieve cooperation for multiple stakeholders on electricity supplier, seller and user sides. The other is how each participant allocates additional benefits from interactions. Therefore, compared with non-cooperative games reviewed in the previous section, the overall benefit of a cooperative alliance in a cooperative game is generally greater than the sum of the benefits of individuals when they conduct a non-cooperative game, that is, the so-called cooperative surplus. At this point, participants form an alliance to cooperate with each other to obtain additional overall benefits, and to stabilize the alliance through a reasonable allocation mechanism, thereby changing the inefficient equilibrium achieved in a non-cooperative game.
That is also an important reason why the cooperative game can continue in stakeholders. However, considering the selfinterested characteristics of individuals participating in the game, once the inequality phenomenon appears, it is very likely to lead to the collapse of the alliance when the interests of the alliance are redistributed. Therefore, the design of the benefit distribution mechanism in the actual scenario is a difficult issue. To this end, axiomatic approaches are the most basic research measure in a cooperative game, which require that the formulation of the allocation strategies in a cooperative game adopts an axiomatic design mechanism. On the whole, related representative research achievements include Nash bargaining game theory [27] , [30] and Shapley value [68] .
V. EVOLUTIONARY GAME-THEORETIC APPROACH AND ITS APPLICATIONS IN EM
As discussed previously, game theory can be divided into three categories, i.e., non-cooperative game, cooperative game and evolutionary game. Among these, evolutionary game theory (EGT) was originally proposed by Maynard Smith and Price [31] during the study of biological evolution VOLUME 7, 2019 in 1973. Unlike traditional game theory, EGT adopts natural selection mechanisms, and it does not require strict rational assumptions (i.e., bounded rationality). Thus, its application scenarios are closer to the reality. However, how to choose the selection and mutation mechanisms in an evolutionary game and make them closer to actual issues is very challenging [9] . Currently, EGT is mainly used in EM's quotation strategy research and long-term equilibrium analysis, and most of these investigations are aimed at two-group or two-party evolutionary game problems. For example, researchers in [21] simulate and analyze the behavior of generation companies in the EM based on the EGT, in [89] use the competitive co-evolutionary game to model the equilibrium calculation in EM as a two-stage stochastic game problem, and in [90] conduct an evolutionary game analysis of the EM bidding strategy on the power generation side, and argue that the adoption of EGT to analyze the EM formed in the early stage is of great value for market policy research. On the whole, EGT has been gradually adopted by scholars to investigate the issues in an EM in recent years. To this end, this section first briefly introduces the basic idea of EGT, and then thoroughly reviews its application in a perfect open EM in terms of power DR among the electricity supplier side, electricity seller side and electricity user side.
A. EVOLUTIONARY GAME THEORY 1) INTRODUCTION
Generally speaking, classical game theory has the following three defects: i) the complete rational hypothesis is too far from the reality, ii) there are flaws in the way to handle incomplete information, and the assumptions set do not match the reality, and iii) it requires each participant to know exactly how other participants will choose. However, where does this knowledge come from? To obstacle these issues, EGT is proposed by researchers. As mentioned above, EGT was firstly proposed by Maynard Smith and Price [31] . Compared with classic game theory, the EGT takes the population as the research object, and believes that the game individual is bounded rational, and the strategy of the individual game may change due to the variation. Thus, EGT is more in line with the realistic game situation because it adopts the mechanism of natural selection and does not require strict rational assumptions. There are some most important concepts involved in EGT and they are: multi-group evolutionary stability strategy (MESS), replicator dynamics (RD), and asymptotically stable equilibrium point (ASEP). According to [19] , they are defined as follows.
MESS: We assume that the number of individuals in a population is n, and then we call the strategy combination X = {X 1 , X 2 , · · · , X n }∈ is an evolutionary stable strategy combination, i.e., an MESS, where is the strategy space. At this point, for any mutation strategy denoted by Y = {Y 1 , Y 2 , . . ., Y m }∈ , there will be an ω meeting 0 < ω < 1 when Y = X ; and moreover, for any meeting 0 < < ω and any strategy combination S meeting S = Y + (1 − )X (∀S = X , ∀S = Y ), there will be an i meeting i = 1, 2, · · · , n, thus making the expected revenue meet the following inequality when the ith population adopts the strategy X i and Y i respectively, while other populations adopt the strategy combination S −i (S −i ∈ S, ∀S −i = X ).
where, if the strategy X is an MESS, then it is definitely a Nash equilibrium strategy according to the mathematical definition of Nash equilibrium elaborated in previous sections. Moreover, its evolutionary stable equilibrium must be a Nash equilibrium. From this, we can find that evolutionary stable equilibrium is a refined Nash equilibrium. In contrast, a weak Nash equilibrium strategy is not necessarily an MESS. Thus, MESS is an equilibrium concept that can describe the general characteristics of evolutionary games and is much more complex than Nash equilibrium. RD: This concept is used to simulate the dynamic adjustment process of the strategy to characterize the response speed of the population to adjust its scale through imitation and learning. It reveals the evolution law of the population number or proportion, which can be expressed by a dynamic differential equation of the probability or frequency x i of a particular pure strategy X i , adopted in a population, that is, we can use a replicator dynamics system (RDS) equation to describe the evolution law. At this point, its value is proportional to the ratio x i of groups who select this pure strategy X i , and is proportional to the difference between the its expected revenue E(X i ) and the group mean revenue E av (X i ), namely
ASEP: We assume that ϑ, ϑ * ∈ are both hybrid strategies of an evolutionary game, and ϑ * is an MESS. Thus, if this MESS meets the following two conditions: a) equilibrium condition (that is, for any ϑ ∈ , there will be E(ϑ, ϑ * ) ≤ E(ϑ * , ϑ * )), and b) stability condition (that is, if E(ϑ, ϑ * ) = E(ϑ * , ϑ * ), then for any ϑ = ϑ * , there will be E(ϑ, ϑ) < E(ϑ * , ϑ)), then the group state p * = ϑ * is an ASEP of the RDS model presented in (5) . From condition b), it can be further concluded that the weak Nash equilibrium is not necessarily an MESS.
Overall, there are four most important components in EGT, including a game framework, fitness function, RD model, and evolutionary stable equilibrium (ESE) or evolutionary stable strategy, which are described as shown in Figure 9 .
2) EVOLUTIONARY GAME EQUILIBRIUM
The equilibrium form of an evolutionary game is called ESE or evolutionary equilibrium, as elaborated previously, which is a refined Nash equilibrium. Based on (4) and (5), and according to [9] and [43] , we give the definition of evolutionary stable strategy and ESE as follows.
Evolutionary stable strategy: In a game denoted by G, we call a behavioral strategy s ∈ S an evolutionary stable strategy when it meets
ESE: We assume that σ, σ * ∈ are hybrid strategy of a game, and then we call σ * an ESE when it meets
In addition, according to (7), if we assume that σ * is an ESE of an evolutionary game G, then the group state p * = σ * shift the asymptotically stable equilibrium point of the RD model presented in (5) [9] , [43] .
3) SOLUTION METHODS
Overall, according to the introduction of EGT above, the difference between EGT and classic game theory (such as cooperative game and non-cooperative game) is obvious, and according to [43] , this difference is demonstrated in Table 1 .
Therefore, we often use some evolution mechanisms to solve a specific evolutionary game issue, such as the aforementioned RD mechanism [9] , [43] , [91] . Specifically, there are some commonly used rules to update the individual behavioral action strategies in an evolutionary game, including pairwise comparison process [91] , Fermi process [92] , [93] , Moran process [94] and Wright-Fisher process [95] . Now we take the Fermi process as an example, under this rule, the PDR will be able to imitate or directly copy the behavioral action strategy taken by the neighboring PDR, i.e., among the group PDRs, the individual i imitates the strategy of individual j with probability p as where P i and P j are the probability of selecting a strategy for individual i and j, respectively. U i and U j are the cumulative earnings of the current round for individual i and j, respectively. κ is the noise parameter, and when κ > 0, representing the possibility of irrational behavior caused by a decision error or external influence, at this point it is generally very small; when κ → ∞, representing all the information is drowned out by the noise, at the moment the strategies are updated in a completely random way; when κ → 0, representing a definite rule of imitation, that is, when the cumulative income of individual j is higher than individual i, the latter will adopts the strategy of the former.
B. A SURVEY
As elaborated previously, in a perfect open and ever-growing EM, participants will become more diverse, the competition will become more intense, and the economic behavior of power trading will also become very complicated. To study the complex economic behavior of different stakeholders, game theory is undoubtedly an effective mathematical tool. The market competition involving multi-stakeholders in EM will be a complex process of dynamic evolution will be a complex process of dynamic evolution, and accompanied by more complex market economic behavior characteristics. Therefore, it is necessary to combine the theoretical analysis of multi-group game behavior with its complex dynamic evolution process, and EGT is an important and powerful tool to study the long-term game behavior characteristics of multigroup. Overall, the EGT abandons the assumption that the VOLUME 7, 2019 players must be completely rational, so that their application scenarios are closer to the reality. Actually, at present, EGT is mainly used for EM's quotation strategy research [90] and long-term equilibrium analysis [9] , [17] , and most evolutionary game scenarios are aimed at the two-group bilateral evolutionary game issues. To this end, next, we will conduct a detailed review on the application of EGT in a perfect open and ever-growing EM in terms of power DR among the electricity supplier side, electricity seller side and electricity user side.
1) POWER DR BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SELLER SIDE IN EM
As discussed previously, the power DR between electricity user side and electricity seller side mainly focuses on electricity pricing and electricity capacity transactions among residential and commercial users, power sales companies, NPSEs, load aggregators, and power grid companies. For example, aiming at electricity pricing games in terms of TOU pricing, the electricity sellers announce the electricity prices for each time period, and then the electricity users will make responses to them based on their own electricity purchasing strategies. This is similar to the direct power purchasing transaction between large consumers and power generation entities. In terms of TOU price-based games, EGT has been preliminarily adopted by scholars considering bounded rationality and incomplete information. To this end, researchers in [96] and [97] model the interactive relationship between power grid companies (i.e., the utility companies) and residential users as a two-level game model considering the DR management (DRM) with multiple utility companies. Specifically, the competition among utility companies is formulated as a non-cooperative game, while the interaction among the residential users is formulated as an evolutionary game. In this evolutionary game, the household users living in the same community are considered to be a group, and each residential user in the group adjusts its own electricity demand according to the electricity price announced by the entity companies. The evolutionary game model developed in [96] and [97] can be used to analyze the evolution process of residential user's behavior strategies. For these residential users involved in this evolutionary game, their main goal is to purchase electricity at low electricity prices to achieve more user utilities, while the entity companies expect to sell electricity to the users at higher electricity prices to achieve more utilities. Ultimately, researchers in [96] and [97] develop a distributed algorithm to make these two parties to converge to their respective equilibrium points, and design appropriate strategies to maintain the balance between supply and demand for power companies and residential users. Further, Sun et al. [98] [98] all use evolutionary games to study the decision-making behavior of incomplete rational user groups purchasing electricity from different power-selling utility companies under the influence of other users, and establish an evolutionary game model to describe the behavior of users' choices of electricity selling companies. In these studies, they find that the electricity prices and electricity sales capacity given by the electricity seller side will directly affect the evolution trend of the user group's electricity purchase, and these trends can provide some reference for the electricity seller side to formulate the electricity price strategies. Use Zhang [99] uses the dynamic evolutionary game to analyze the innovation value-added services of electricity sales enterprise under the new power system reform. The results show that the innovative value-added services motivation of two types of electricity sales providers are mainly driven by their market share, the degree of difference between the innovative value-added service level and the market demand, and the elasticity coefficient that innovation value-added service costs affecting service gap. In addition, researchers of [100] use EGT to investigate the RTP issues in smart grid with multiple power retailers combining with the Stackelberg game. Wang et al. [101] evaluate the impact of the social network on the diffusion of RTP using evolutionary game theoretical analysis, and conclude that the higher degree of the consumers social network, the slower the diffusion of RTP. Moreover, researchers in [17] discuss how to apply the equilibrium stability of multi-group asymmetric evolutionary game in some typical scenarios of an ever-growing and open EM in the context of Energy Internet. In this study, an asymmetric evolutionary game containing three different parties (i.e., power grid enterprises, NPSEs and electricity consumers) participating in electricity trading of demandside EM is developed, which shows that through the government's policy interventions, the final evolution of the threeparty evolutionary game system can be rationalized to meet the economic laws of EM development.
2) POWER DR BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SUPPLIER SIDE IN EM
In terms of power DR, EGT has also been gradually adopted by researchers to model the competitive relationship between the electricity user side (e.g., the large consumers) and electricity supplier side (e.g., the power generation companies). For example, the bidding strategies formulation of power generation company and direct power purchasing transaction. To this end, Wang et al. [20] use an evolutionary imperfect information game approach to analyze bidding strategies in EMs with price-elastic demand. In this study, the evolutionary game approach is used to model the generation companies' dynamic and adaptive behavior to meet an elastic demand, thus the proposed adaptive and learning agents can dynamically update their beliefs about opponent generation companies' bidding strategies during the simulation. In addi-tion, researchers in [21] and [90] simulate the bidding behavior of power generation companies based on EGT. Among these, researchers in [90] conduct an evolutionary game analysis of the EM bidding strategy on the power generation side, and believe that using the evolutionary game method to analyze the power generation-side EM formed in the initial stage is very valuable for policy research. Moreover, researchers of [17] use EGT to investigate the evolutionary stability of two types of power generation company groups (e.g., small-sized and large-sized power generation company groups) in bidding strategy formulation in a bilateral EM. In this study, the authors provide the dynamic adjustment process of pricing strategy for the two types of generation enterprise groups, as demonstrated in Figure 10 .
FIGURE 10.
The dynamic adjustment process of pricing strategy for the two types of generation enterprise groups proposed in [17] . In this figure, the subgraphs (a)∼(d) show different evolutionary game situations, where (p s , q s ) is a saddle point, the blue and purple solid arrows refer to the dynamic adjust the directions of the strategy within the convergence domain (i.e., the evolutionary convergence direction), the green imaginary arrow represents the dynamic adjustment direction of the convergence domain, the blue point, red point and green point represent the unstable equilibrium node point, asymptotically stable equilibrium point, and saddle point, respectively, and two convergence domains are formed by i) and ii), iii) and iv), respectively.
In terms of direct power purchasing between large consumers and power generation companies, researchers also adopt evolutionary game approaches to analyze the power purchasing behavior of large consumers. For example, Shi [102] uses the equilibrium analysis method of EGT to investigate the purchase and sale price issues and power balance between large consumers and generators. In this study, the DR equation of group strategy is established to analyze the evolution state of equilibrium solution using numerical analysis methods. Huang and Wang [103] simulate and analyze the power generation companies' bidding strategies based on EGT. In this study, the results demonstrate that the multi-population RD model can well describe the dynamic process of generation companies' bidding. Researchers in [103] also suggest that reasonable price competition rules must be constituted to ensure and promote the healthy development of the generation side power market. In addition, researchers in [104] - [109] also use EGT to simulate and analyze the strategic bidding behavior of power producers in competitive EMs or renewable portfolio standard. Moreover, researchers use EGT to model the electricity selling competition among multiple power producers [110] , to model the peak-shaving behavior of thermal power plants [111] and the behavior of renewable energy power plants under the incentive mechanism [112] , to model the supply-demand interaction (e.g., supplier-consumer interaction in an EM) of power systems [113] - [115] , and to investigate the generation expansion planning under the background of EM [116] .
Overall, aiming at the power DR between the electricity supplier side and electricity user side, the EGT is mostly applied to analyze and simulate the bidding behavior of power generation companies (e.g., power producers) [117] on the electricity supplier side and the electricity purchasing behavior of consumers on the electricity user side. With high-penetrate renewables connecting to the smart grid, EGT will be able to play an important role in analyzing and simulating the behavior of new energy producers when participating in EM transactions in a competitive environment.
3) POWER DR BETWEEN ELECTRICITY SELLER SIDE AND ELECTRICITY SUPPLIER SIDE IN EM
As more and more renewable energy producers participating in EM trading, the power DR between the electricity supplier side (e.g., renewable energy generation companies) and electricity seller side (e.g., power grid companies) has been investigated by more and more scholars. Among these, many researchers attempt to use EGT to analyze and simulate the behavior of electricity suppliers during the EM trading. For example, researchers of [9] use RD model in EGT to analyze the equilibrium stability of multi-group asymmetric evolutionary games in a perfect open EM, where the NPSEs and power grid companies on the electricity seller side play games with the power generation companies on the electricity supplier side in terms of TOU electricity pricing and electricity selling. In addition, researchers in [118] use evolutionary game to analyze the interest coordination of gridconnected renewable energy power generation, and believe that the formulation process of such interest coordination is a dynamic and gradually evolutionary process. In [119] , researchers use evolutionary game to analyze and simulate the tripartite behaviors and interest relationship among wind power enterprises, thermal power enterprises and power grid enterprises (who behave as players with bounded rationality), and results obtained can offer some reference for the formulation of EM structure and competition rules. Aiming at the bidding strategies of regional EMs, Zhang et al. [120] consider the actual situation of EM in southern region of China, and then use the multi-group competition method in EGT to establish a market equilibrium model of joint bidding between the power generation companies on the electricity supplier side and the power grid companies on the electricity seller side, and finally obtain the stable strategy point of the market from the perspective of profit distribution. Moreover, Liu and Yu [121] use an evolutionary game model to investigate the motivation strategy between generation and retail power companies under the incomplete contract. In this study, the evolutionary game model of the cooperation between the generator and the seller is constructed based on incomplete contract. Based on a discussion on the local equilibrium point and the dynamic evolution process of the game and the simu-lation results, researchers believe that the proposed incentive strategy of promoting cooperation between the two parties under the condition of incomplete contract will provide some reference for the cooperation of the power producers and the sellers under the situation of the reform of the new electric power and the reform of the state-owned enterprises.
4) A BRIEF SUMMARY
Compared with the classical game theory which assumes that individuals are very rational and their goals are all to pursue their own maximum benefits, and they also know that other players are completely rational, the EGT takes the population as the research object, abandons the assumption that the players must be completely rational, and believes that the players are bounded rational and their strategies may change due to mutations, so that the characteristics of EGT are more consistent with the actual networks, making the EGT in the EM has attracted more and more attentions. Overall, the application scenarios of EGT are closer to the reality. For the application of EGT in EM in terms of power DR, on one hand, EGT is very suitable to model the competition among the electricity users (especially residential users) while considering the private information of the power retailers and entity companies on the electricity seller side and the residential users on the electricity user side. By combining the EGT with classical game theory (such as non-cooperative game), the evolution trend of electricity user groups in electricity purchasing can be clearly depicted. These trends (i.e., the DR behaviors based on price between power retailers and residential users) are helpful to realize power supply and demand balance, so as to maintain the safe operation of the power systems. On the other hand, EGT is very suitable to model the purchase and sale prices issues and power balance between large consumers and power suppliers (e.g., power producers) in direct power purchasing transactions. Besides, certainly, EGT can also be used to analyze the interest coordination mechanism between the electricity supplier side (e.g., the renewable energy power generation companies) and the electricity seller side (e.g., the power grid enterprises). Based on EGT, the formation process of such interest balance is a dynamic and gradual evolution process. Overall, EGT is founded based on individuals with bounded rationality, in which the group behaviors are achieved through some dynamic interaction processes between individuals such as imitation, learning and communication, such that this theory can well describe the trends of group behavior and accurately predict the group behavior of an individual. Currently, EGT has been gradually adopted by more and more scholars in addressing actual power DR issues in the context of a perfect open and ever-growing EM. However, for these actual game issues, how to choose and establish the selection and mutation mechanisms in an evolutionary game to make them closer to an actual problem will be challenging and need to be addressed immediately in the future.
VI. STACKELBERG GAME-THEORETIC APPROACH AND ITS APPLICATIONS IN EM
Stackelberg game (sometimes we also call it as leaderfollower game or master-slave game) is a very important branch in non-cooperative game theory. For this reason, we use a separate section to summarize the application of the Stackelberg game in power DR of EM. In fact, Stackelberg game theory has been widely used in the EM, such as retail market, wholesale market and auxiliary service market, and related scientific research achievements are also becoming more and more abundant. The research history of the Stackelberg game can be traced back to 1934. It was first proposed by the German economist Stackelberg [122] , so the leaderfollower game or Stackelberg game is also called Stackelberg equilibrium. Currently, Stackelberg game occupies a very important position in economics, management science and social science. Actually, there are some master-slave relationships in the EM. For example, we usually assume that the power grid company is a leader in a Stackelberg game who first sets the price of electricity for each time period, and the NPSEs such as emerging electricity sellers and load aggregators as the followers of the game, who refer to the electricity price released by the power grid company, and provide their electricity price strategies considering their own conditions and the demands of electricity users. To this end, this section first briefly introduces the basic principle of Stackelberg game, and then provides a detailed survey on the application of Stackelberg game in power DR of EM.
A. STACKELBERG GAME THEORY 1) INTRODUCTION Since Stackelberg game was proposed, it has evolved from the original single-leader-single-follower to the current multi-leader-multi-follower multi-objective game and leaderfollower differential game. In a Stackelberg game, the leader has a leadership advantage, occupying a favorable position in the game; and the follower follows the leader's decisions. In reality there are many such examples, such as the price competition between large companies and small companies, the game between central government and local government, and the relationship between central bank and commercial banks, and so on. For a Stackelberg game with only one leader and multiple followers, which is short for N-Stackelberg game, the leader first makes the decision that is most beneficial to him. After observing the leader's decision, the multiple followers make the decision to maximize their own benefits without knowing each other. For this case, the mathematical expression is as follows [33] , [123] , [124] :
g ,x * = arg max
for the leader
for the follower m,
where m represents the mth follower in a Stackelberg game, and m = 1, 2, · · · , M ; M is the total number of followers; x * g is the current optimal strategy of the leader;x * is the joint optimal strategy of all followers;x * m is the current optimal strategy of the mth follower; U leader and U m are the payoff functions of the leader and the mth follower, respectively; A leader and A m are the decision-searching space of the leader and the mth follower, respectively.
For example, researchers of [125] provide the architecture for a Stackelberg game, in which the upper-level decisionmakers of this pricing Stackelberg game are agents, and the lower-level decision-makers are EV owners, as demonstrated in Figure 11 . 
2) CLASSIFICATION
According to the number of leaders and followers in a Stackelberg game, which can be divided into i) the game with one leader and one follower, ii) the game with one leader and multiple followers, and iii) the game with multiple leaders and multiple followers. Actually, Basar and Olsder [126] define the two-person Stackelberg game and multi-leadermulti-follower Stackelberg game, and prove the existence of their equilibria. Pang and Fukushima [127] introduce the concept of multi-leader-follower games. Based on this, Yu and Wang [128] give a general existence theorem for equilibrium points for multi-leader-follower games.
3) SOLUTION METHODS
There are many solutions to solve the Stackelberg game. In fact, the existence proof and solution of the Nash equilibrium for the Stackelberg game is very hard in actual issues. Generally speaking, when the issue of the Follower satisfies a certain constraint specification, its optimal solution can be expressed by the Karush-Kuhn-Tucker (KKT) optimality condition [43] . Therefore, the two-level optimization problem of Stackelberg game can be transformed into an optimization problem with KKT condition as the constraint. It should be noted that because the KKT condition contains complementary relaxation constraints, the transformed nonlinear programming is non-convex, and violates common constraint specifications. Actually, in actual engineering decision problems, researchers [43] often generalize the Nash game and the Stackelberg game into a kind of game issue, called NashStackelberg-Nash type leader-follower game (i.e., N-S-N game). Such N-S-N games are generally used to solve the multi-agent decision problem in engineering practice. The characteristics of this game are that [43] , the strategy of the upper-level participants is the parameter of the lowerlevel game problem, and the lower-level game problem is the constraint of the upper-level game problem; and in the case where the lower-level participant's optimal strategy is unique, the upper-level participants can predict the reaction of the lower-level participants to their own strategies. Researchers in [43] argue that the structure of N-S-N game is similar to the equilibrium problem with equilibrium constraint, and the researcher in [129] proposes two representative methods to solve the N-S-N game issue. One is stationary point method, also called ALLKKT method, in which we need to first replace the lower-level Nash game with the equivalent KKT system, and then list the KKT conditions of each leader's equivalent nonlinear programming, and then join them together to solve. The other is fixed point type iterative algorithm, in which we need to first replace the lowerlevel Nash game with the equivalent KKT system, and then alternately solve the equivalent nonlinear programming of each upper-level problem until it converges to the fixed point; thus, such algorithms can be divided into Jacobi type iteration and Gauss-Seidel type iteration.
In addition, researchers in [33] use the methods of group Q-learning and transfer learning to form a fast Stackelberg equilibrium learning (FSEL) based group intelligent decision-making approach. In this approach, the Q-learning expression is presented as follows: 
where m = 1, 2, · · · , M ; t = 1, 2, · · · , M m , and M m is the total number of followers who have interaction with follower m; q = 1, 2, · · · , Q L , and Q L is the total number of real code for transfer learning of follower m; p = 1, 2, · · · , P S , and P S is the total number of searching of follower m; Q k l is the knowledge matrix of the lth decision agent at the kth iteration, which represents the knowledge values of stateaction pairs; s k is the state of the multi-agent system at the kth iteration; a = [a 1 , . . ., a l , . . ., a L ] is the joint action of all the decision agents; a l is the action of the lth decision agent; L is the number of the agents; a −l is the joint action of all the decision agents except the lth decision agent; α is the knowledge learning factor; γ is the discount factor; R l (s k , a) is the feedback reward after implementing a joint decision-making action a under state s k ; and the relevant symbols have been defined in (9) and (10) . It should be added that the superscripts q, p and k represent the qth real code for transfer learning, the pth searching, and the kth iteration, respectively; R qp mt is an immediate feedback reward, which can generally be transformed from the optimal objective; Q q mt and Q q mt are the knowledge matrix and its increment, respectively; q 0 is a random value in the unified probability distribution; ε is a parameter of local greedy searching; a rand represents the global random searching action.
B. A SURVEY
Actually, Stackelberg games, as a very important part of non-cooperative game theory, have been widely used in the smart grid field, including real-time supply-demand interaction [123] , parameters tuning of nonlinear robust power system stabilizer [130] , retail energy market pricing issue [131] , EV charging and discharging management [125] , coordinated optimization of TOU price and dispatching model combining wind power and energy storage [132] , and direct power purchasing in EM [133] , and so on. This section mainly reviews the application of Stackelberg game in the EM from the perspective of power DR. we still conduct the survey from three aspects: power DR between electricity user side and electricity seller side, power DR between electricity user side and electricity supplier side, and power DR electricity seller side and electricity supplier side, which are presented as follows.
1) POWER DR BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SELLER SIDE IN EM
As stated previously, the user types on the electricity user side are becoming more and more diverse, which not only include traditional small and medium commercial and residential users, but also include large industrial users with high energy consumption, and even include distributed new energy users. These users have different market statuses in the process of EM trading. Therefore, Stackelberg game will play an important role in addressing multi-party games with different statuses.
First, for the traditional small and medium users on the electricity user side such as commercial and residential users, they have a large number in the smart grid with greater DR potential. As stated previously, researchers are mainly concerned with studying the adjustment of electricity price structures to attract small and medium users with low energy consumption to actively participate in the DR of the EM. Currently, TOU mechanism and RTP mechanism are two major effective electricity pricing mechanisms in EM trading, where the Stackelberg game theory has been preliminarily used in transactions between small and medium users and the electricity seller side containing NPSEs, traditional electricity sellers and the power grid companies. For example, based on TOU mechanism, the electricity sellers generally release the electricity price for each period, and the electricity users formulate the power purchasing strategies according to these released electricity prices. Such TOU mechanism-based games can be constructed as Stackelberg game. To this end, aiming at the DRM in the smart grid applied to reduce power generation costs and user bills, Maharjan et al. [58] develop a model for transactions between the electricity utility companies (who play a non-cooperative game with each other and act as the leaders) on the electricity seller side and the end-users (who behave as the followers to accept the prices announced by the leader(s)) on the electricity user side to maximize the revenue of each utility company and the payoff of each user based on a Stackelberg game approach. In this model, researchers prove the existence of a unique Stackelberg equilibrium of the game, design a distributed algorithm which can converge to the Stackelberg equilibrium with only local information available for these two types of game players, and propose a novel conception of shared reserve power used to improve the grid reliability and ensure its dependability. As a result, analytical and numerical results have proved the validity of these concepts proposed in [58] . In addition, the model of communication between these two parties in the proposed Stackelberg game model is provided in [58] , as illustrated in Figure 12 . Moreover, researchers in [100] and [134] - [137] all use the Stackelberg game theory to investigate the RTP scheme for the transactions between electricity sellers such as retailers and electricity users such as residential users. Among these, researchers in [136] use the Stackelberg game theory to achieve the power scheduling scheme between a service provider on the electricity seller side and the residential users with similar objectives on the electricity user side. Researchers in [138] and [139] design or propose Stackelberg game scheme or scenario for EMs, wherein the retailers aim to reduce the comfort losses of consumers and costs of purchasing electricity, or aim to maximize their profits. In addition, Yang et al. [140] consider the DR problem for a retailer and multiple residential consumers in smart grid with a one-leader N-follower Stackelberg game, which can effectively model the interactions among the retailer and consumers. Moreover, when the user side involves com-mercial users such as building users, Stackelberg game can also be used to model the power DR interactions between such type of consumers and the electricity seller side. For example, researchers in [141] treat the microgrid operator consisting of combined heat and power (CHP) as the leader and the consumers as the followers to construct a one-leader N-follower Stackelberg game to investigate the thermal and electricity demand problems in a microgrid. In this study, an optimization profit model considering multiple objectives is formulated for the leader, and an optimization model is formulated for the building energy consumers (i.e., the followers) considering multiple objectives, too, such as the utility of electricity consumption. Based on an existence proof of the Stackelberg equilibrium, the Stackelberg game model proposed in [141] shows effective via the case study of a CHP-microgrid system containing six building energy consumers.
Second, the Stackelberg game theory has also been applied by researchers to the electricity trading between the distributed new energy users on the electricity user side and the electricity seller side. Specifically, the new energy users can use their distributed new energy generation to participate in electricity trading with the electricity sellers such as the retailers, NPSEs and power grid companies. Generally, the new energy users and electricity sellers are treated as the followers and leaders in a Stackelberg game, respectively. For example, based on the energy storage and distributed generation on the electricity user side, researchers in [50] investigate the DRM problem based on two games, i.e., a non-cooperative game between the residential energy consumers equipped with energy storage devices, and a Stackelberg game between the utility provider and the energy consumers. In this study, researchers propose a new cost function for the energy consumers who can sell back stored energy. In the non-cooperative game, the users schedule their energy production can achieve the minimum energy cost at a unique Nash equilibrium. In the Stackelberg game, the utility provider is treated as a leader who sets the prices with the goal of maximizing its revenue knowing that will respond by minimizing their energy cost. In addition, researchers in [142] propose to investigate the energy management in smart distribution systems based on a Stackelberg game scenario, where the utility companies and microgrids are treated as game leaders, and customers are game followers. The leaders formulate the electricity pricing strategies and the followers adjust their electricity procurement amounts based on the leaders' prices. In this two-stage Stackelberg game, a Nash equilibrium is obtained by a distributed energy management algorithm, and the computer simulations verify the relationships among utility functions, electricity prices, electricity demands, electricity procurement amounts, and pollutant parameters. Certainly, researchers in [143] and [144] also use the Stackelberg game to model the electricity trading between the electricity sellers and new energy users equipped with distributed energy storage, EVs, distributed generation, and so on.
2) POWER DR BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SUPPLIER SIDE IN EM
As elaborated previously, the power DR between electricity user side and electricity supplier side mainly refers to the electricity transaction between large consumers (e.g., industrial users with high energy consumption) and power generation companies. To this end, Stackelberg game theory can be used to model the interactions between the two parties from the perspective of direct power purchasing. Specifically, the large consumers directly purchase electricity from the power generation companies with the goal of minimizing their energy cost, while the latter party formulates strategies to maximize their profit. Currently, such direct power purchasing models can be divided into one-leader N-follower trading and N-leader N-follower trading. In these two models, the leader is generally the power generation company and the followers are large consumers such as industrial users. For example, Xia et al. [64] investigate the bilateral electricity pricing in direct power purchase based on a Stackelberg game model, in which the Stackelberg issue is transformed into a bi-level optimization one. This Stackelberg equilibrium of this model is proved to be more suitable for development needs of the power plants, the leader, in the course of direct power purchase. Moreover, Kebriaei et al. [145] construct a Stackelberg game model for the bilateral contracts of energy, in which the consumer behaves as a leader, and the power generation companies act as the followers. Such Stackelberg game model is used to match the seller and buyer agents. Specifically, the followers announce their electricity purchase amounts and electricity prices to the leader, and then each leader provides the corresponding price. During this bilateral trading, the leaders and followers negotiate and match the price and amounts of electricity sold with the goal of maximizing their own profits.
In addition, researchers in [133] and [146] both propose a Stackelberg game to investigate the bilateral contract transaction for the generation companies and large consumers; and in this game model, the generation companies and large consumers are the leaders and followers, respectively. Concretely, the goal of the leader in [133] and [146] is to determine the optimal bidding price through an incooperative game and a Bayesian game with other power suppliers to maximize its bilateral trading profit, respectively; while the large consumers decide their personal purchase strategy to minimize their cost and based on the contract price provided by generation companies and the forecast of the spot price. In the two studies, researchers prove the existence of the Nash equilibrium for the game model and present its solution. Numerical simulations both show that each participant can benefit from the proposed game. Moreover, researchers in [146] present a decision relationship framework for the Stackelberg game among power generation companies and large consumers, as demonstrated in Figure 13 . In this figure, as explained in [146] , a i = (a i,1 , a i,2 , · · · , a i,J ) denotes the bidding price set of the ith generation company for all large consumers, a −i represents other companies' bidding price except company i, a −i,j = (a 1,j , a 2,j , · · · , a i−1,j , a i+1,j , · · · , a i,J ) represents other companies' bidding price for large consumer j except company i, a i,−j = (a i,1 , a i,2 , · · · , a i,j−1 , a i,j+1 , · · · , a i,J ) represents the bidding price of company i for all large consumers except consumer j,
T represents the energy quantity purchased by large consumer j in spot market in H time slots. FIGURE 13. Illustration of the decision relationship for the Stackelberg game proposed in [146] , where the power generation companies behave as leaders and play with each other in a Bayesian game with the goal of obtaining the optimal bidding price, while the large consumers behave as followers in the Stackelberg game with an aim of minimizing their cost of electricity purchase based on the bidding price provided by the leaders and the predicted spot price.
Apart from above research work, researchers in [147] also establish a Stackelberg game between multiple providers and end users in the smart grid. In this model, the electricity provides behave as leaders with the goal of maximizing their profit and the end users act as the followers aiming at maximizing their individual welfare. Zhang et al. [148] develop a deep transfer Q-learning model with virtual leaderfollower for the supply-demand Stackelberg game of smart grid. In this model, each power generation company on the electricity supplier side behaves as a leader and each load on the electricity user side acts as a follower, thus forming a supplier-demander Stackelberg game. Moreover, a deep belief network is used in this model for knowledge transfer, which can help to rapidly obtain an optimal solution of a new task. A 94-agent system and a practical grid study verify the effectiveness of the Stackelberg game model. In addition, researchers in [149] also construct a Stackelberg game model to investigate multiple energies trading among a number of distributed energy stations (who behave as the leaders) and multiple energy users (who act as the followers) in integrated energy systems, based on a best response algorithm. Numerical studies demonstrate the convergence of this algorithm, corroborate the jointly effects of market scale and exogenous parameter on the unique Stackelberg equilibrium and verify the practicability of the proposed model.
3) POWER DR BETWEEN ELECTRICITY SELLER SIDE AND ELECTRICITY SUPPLIER SIDE IN EM
With the opening of the electricity sales side, the electricity sales business will gradually open to social capital. As the major representatives in the electricity sales side, the electricity sales companies will participant in games under the market-oriented market model and formulate their own power purchase and sales strategies to maximize the revenue [150] . In this paper, the emerging power sales companies and traditional electricity sellers, load aggregators, and the power grid companies are included in the electricity seller side. Among these, the power DR here mainly focuses on the electricity trading between electricity sellers and the power generation company. To this end, we find that the Stackelberg game theory is rarely applied to such type of electricity trading. Based on a detailed survey, we argue that Nash game and cooperative game have been preliminarily used in this aspect. From the perspective of Stackelberg game, researchers in [151] construct a new two-stage game framework for power demand/response management in smart grids, which aims to model and analyze efficiently issues in DRM and the issue of huge waste in power production due to separate solving of the power generation and consumption optimization problems. Specifically, in the first stage of the game framework, researchers establish a Stackelberg game framework for power generation companies on the electricity supplier side and utility companies on the electricity seller side, in order to solve the cost optimization problem for power generation. For this purpose, researchers in [151] obtain a unique Nash equilibrium in this proposed Stackelberg game, which means that the utility company obtains the optimized power outputs with the first-mover advantage. In the second stage, researchers propose an infinite repeated game framework. Finally, the numerical results demonstrate that this two-stage framework proposed in [151] can raise the profit for the utility company up to 8% while reduce the summation of the customers' costs up to 10%. In addition, Asimakopoulou et al. [152] establish a Stackelberg game model for the energy management of multiple microgrids. In this model, the central production unit in upper-level behaves as a leader either the goal of minimizing the production cost based on the decision variable of profit margin, and the energy services provider in lower-level representing several microgrids act as followers with an aim of maximizing the net profit based on decision variables of retail price and production mix for serving the load. In this study, the comparative results highlight the benefits of applying the proposed leader-follower structure in the simulated interaction.
4) A BRIEF SUMMARY
On the whole, Stackelberg games have been widely used in the EM as a type of special non-cooperative games for the hierarchical decision-making processes of multiple decision makers, especially in the design of energy management schemes. It is more common used in the some scenarios with the goal of minimizing the electricity users' daily payments while maximizing the electricity suppliers' or electricity sellers' profits by optimizing electricity prices, such as the bilateral contract transactions between power producers and large users, the interactive transactions between suppliers and buyers (i.e., supply-demand interaction), the electricity price and electricity capacity transactions between electricity sellers (e.g., the retailers) or grid companies and small and medium users (e.g., the residential users), and the power generation transactions between power grid companies and new energy power generation companies. In fact, the Stackelberg game is a dynamic game behavior of successive decision-making due to the unequal position of the two sides in the EM. In this game process, one of the two sides is in a leader position, while the other is in the status of follower. Therefore, this type of non-cooperative game is more common in power transactions between the two sides with unequal status in the EM. For example, the direct power purchasing between power producers and large users such as the large industrial users with high energy consumption. However, in a Stackelberg game, the process of solving the Stackelberg equilibrium solution is usually cumbersome, due to that the leader needs to fully consider the follower's response model when formulating the strategy. Furthermore, it is often difficult to prove the existence of the Nash equilibrium of the Stackelberg game. Therefore, researchers have proposed some effective methods to solve and prove the Nash equilibrium of a Stackelberg game issue. For example, researchers have proposed the stationary point method and fixed point type iterative algorithm [129] . What these two methods have in common is that they all need to first replace the lower-level Nash game with the equivalent KKT system. In this case, the KKT condition contains complementary relaxation constraints, resulting in that the transformed nonlinear programming is non-convex, and it violates common constraint specifications. To this end, researchers in [33] propose an FSEL algorithm-based group intelligent decision-making approach using the methods of group Q-learning and transfer learning, which has been proved to be very effective via numerical simulations in [33] .
VII. BAYESIAN GAME-THEORETIC APPROACH AND ITS APPLICATIONS IN EM
As stated previously, game theory can be divided into game with complete information and incomplete information (see Figure 2 ). Among these, Bayesian game is a typical game with incomplete information, which can be further divided into static Bayesian game with incomplete information and dynamic Bayesian game with incomplete information. Their equilibrium forms are Bayesian-Nash equilibrium and perfect Bayesian-Nash equilibrium (see Figure 2) , respectively. For the two categories of Bayesian games, one of the main application aspects of the static Bayesian game with incomplete information is the auction, which is a common method of allocating goods with different valuations among auction participants [43] . In contrast, one of the main application aspects of the dynamic Bayesian game with incomplete information is signaling game [153] , such as enterprise investment game and employment market signal game [43] . In terms of power DR in the EM, Bayesian game theory has been preliminarily applied by scholars in following aspects: DRM, real-time DR and energy trading in the smart grid or microgrid [52] , [110] , [154] - [157] , bidding strategy formulation of generation companies [133] , [146] , [158] - [163] , incentive mechanism in electricity auction market [153] , [164] , [165] , contract negotiation [166] , [167] , electric power bidding under uncertain demand [168] . For this reason, we separately choose Bayesian game from the noncooperative game theory and conduct a survey on its application in the EM from the perspective of power DR among electricity supplier side (e.g., power generation companies), electricity seller side (e.g., power grid companies, power sales companies, load aggregator), and electricity user side (e.g., small and medium users, large users, distributed new energy users) in this section. First, we briefly introduce the Bayesian game theory, and then we conduct a detailed overview on its application in the EM in terms of power DR.
A. BAYESIAN GAME THEORY
1) INTRODUCTION
As explained previously, Bayesian game is a typical noncooperative game and also known as an incompleteinformation game. The Bayesian game model is a kind of incomplete information strategy game applied to model the situation in which a part of participants do not know exactly the characteristics of another part of participants. It has two basic elements of strategic game: player set and action set [163] . Researchers in [43] give the definition static incomplete-information Bayesian game and incomplete-information Bayesian game as follows. First, for a static incomplete-information Bayesian game problem, it is described as = N , S, , p, u (13) where N is the player set, and i ∈ N means player i. S is the strategy space, and S i means the strategy set of player i. Generally speaking, we use type to define the player's private information in game theory, and the type of player i is denoted by θ i ∈ i , where i is the set of all possible types of player i. Further, = i∈N i refers to a space composed of a combination of types of all participants, called a type space, and any type combination of these types in the type space is denoted as θ = (θ i , θ −i ), where θ −i and −i represent a combination of the types of all players except player i, and a set of all such type combinations θ −i , ∀i, respectively. p is the joint probability distribution, wherein it is assumed that the type of player i, {θ i } n i=1 , comes from a joint probability distribution p(θ 1 , θ 2 , · · · , θ n ) on one type, with an aim of describing the participant's common information about the type. This joint probability distribution p(θ 1 , θ 2 , · · · , θ n ) is public knowledge for all players. u is an expected payoff function. In addition, the strategy of player i is a mapping from i to S i , i.e., φ i : i → S i . This mapping means that player i formulates a strategy s i ∈ S i for each possible type θ i ∈ i . As researchers put forward in [43] , in an incompleteinformation game, the strategies can be divided into two categories: the separating strategy and the pooling strategy. The former refers to that each type θ i ∈ i selects different action a i from the action set A i , and the latter means that all the types in i choose the same action. In addition, the payoff function, possible type and the joint probability distribution are all public knowledge for all players in a Bayesian game. Therefore, the Bayes rule, p i (θ −i |θ i ), and the expected payoff of player i in type θ i , u i (s i , s −i , θ i ), are expressed respectively as
In addition, the definition of a dynamic incompleteinformation Bayesian game can also be referred in [43] , which is not repeated here.
2) NASH EQUILIBRIUM CONCEPTS IN BAYESIAN GAME
As elaborated previously, the Nash equilibrium of Bayesian game can be divided into Bayes-Nash equilibrium and perfect Bayes-Nash equilibrium (see Figure 2) , which are corresponding to a static incomplete-information Bayesian game and a dynamic incomplete-information Bayesian game, respectively. At this point, based on (13) , and referring to [43] , the definition of Bayes-Nash equilibrium is given as follows. For a static incomplete-information Bayes game problem shown in (13), we call the strategy combination (φ * i (θ i ), φ * −i ; θ i ) as a Bayes-Nash equilibrium when it meets
where E [u i ] is the expected utility of player i. Besides, researchers in [43] also give another definition of Bayes-Nash equilibrium as follows. We call the strategy combination s * = (s * i , s * −i ) is a (pure-strategy) Bayes-Nash equilibrium when it meets
In addition, the definition of hybrid-strategy Bayes-Nash equilibrium for a finite incomplete-information static Bayesian game and perfect Bayes-Nash equilibrium for a finite incomplete-information dynamic Bayesian game can also be referred to [43] .
3) SOLUTION METHODS
As introduced previously, since Bayesian game is a kind of typical non-cooperative game in classical game theory, the solutions to solve the non-cooperative game introduced previously can also be suitable for solving Bayesian game. Hence, we do not repeat again here. Specific solutions to solve the Bayesian games can also refer to [43] , [153] , [156] , and [169] - [175] .
B. A SURVEY 1) POWER DR BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SELLER SIDE IN EM
As discussed previously, the power DR between electricity user side and electricity seller side mainly involve the electricity pricing and electricity capacity transactions between the electricity users who are small and medium such as general residential and commercial users or new energy users equipped with distributed energy equipment, and the power sales companies or power grid companies. To this end, we review the application of Bayesian game in power DR between the above two parties from two aspects: one is small and medium users, and the other is new energy users. First, for the traditional small and medium users on the electricity user side such as building commercial users and home residential users, who have a large number in EM, as well as a large DR potential. At present, the electricity seller side mainly attracts these users via adjusting the electricity price structure released by them, such as TOU mechanism and RTP mechanism. For example, based on TOU mechanism, the Bayesian game-based transaction between power sales company and electricity users is implemented via directly purchasing electricity from the electricity seller side by users. At this point, the power sales companies on the electricity seller side will formulate and announce their TOU prices to maximize their profits, while the corresponding electricity users formulate their power purchasing strategies to minimize their costs. Specifically, Misra et al. [154] investigate the energy trading scenario for the distributed smart grid architecture based on an incomplete information game, where they design a real-time energy management scheme with incomplete information as a Bayesian game model. In this model, the incomplete information is considered as the real-time demand and price to grid and customers, respectively. The customers and grid are treated as customer-gents (behave as players in the game) and grid-agent (acts as one player in the game) in the proposed scheme, respectively. Among these, the former can estimate adequately the realtime price decided by the grid, and on the contrary, the latter deployed at the service provider' end can estimate adequate real-time energy demand from the customers. These two types of intelligent agents can take real-time decisions for cost-effective energy management under incompleteinformation conditions. In this study, researchers provide a proof for the existence of the Bayesian Nash equilibrium point of the proposed game, at which the utility of customers and grid is maximized. Moreover, simulation results show that the Bayesian game approach proposed in [154] is wellenough to predict the real-time demand and price to the grid and the customers, respectively. Specifically, by introducing the proposed Bayesian game model, the utility of the grid increases approximately 40% over that of the existing ones under the scenario of information incompleteness.
Second, we find that Bayesian games have been widely used by scholars for the electricity trading between the new energy users, who are equipped with distributed energy equipment such as EVs, energy storage devices, and distributed generation, and electricity sellers. Specifically, Sola and Vitetta [155] and [156] investigate the demand-side management among users in a smart low-voltage microgrid based on distributed approach using Bayesian game theory. Researchers here model the energy consumption scheduling of the shiftable loads such as plug-in EVs (PEVs) that belong to a given user as a non-cooperative two-layer game of incomplete information (i.e., Bayesian game), in which each user is endowed with statistical information about its behavior and that of its opponent with the goal of choosing actions to maximize its expected utility. On the whole, the Bayesian game strategies reported in [155] and [156] are effective in managing the charging of EVs in a microgrid. In addition, researchers also report a Bayesian game model in [157] . Specifically, they investigate the energy consumption scheduling of residential users with PEVs based on an incomplete-information Bayesian game model. In this model, PEV users cannot acquire the PEV types of other users (as incomplete information). This Bayesian model helps users to evaluate other users' types with probability distribution of the types before scheduling their energy consumption, and it finally can shift loads from peak hours and minimize the cost of residential users.
Certainly, Bayesian game theory has also been employed by researchers in [110] aiming at modeling the competition between DR aggregators on the electricity seller side to sell aggregated energy stored in storage devices directly to other aggregators in an EM which is cleared in each time interval of a day using a repeated game-theoretic framework. At this point, the RTP in each time interval of a day with updating demand and supply and the TOU with demand price-based scheduling through dynamic programming are considered in the proposed market framework. On the whole, researchers in this study use the public statistical data and a Bayesian approach to derive probability distributions for DR aggregators' types. By introducing a repeated incompleteinformation game, the customers in light of the utility's optimal price can minimize their electricity cost and optimally schedule their power consumption in order to participate in the DR market.
2) POWER DR BETWEEN ELECTRICITY USER SIDE AND ELECTRICITY SUPPLIER SIDE IN EM
For the power DR between electricity user side and electricity supplier side in EM, we find that the Bayesian game theory is mainly employed for contract negotiation or bidding under uncertain demand after a detailed survey. At this point, the electricity user side is represented by large consumers with high energy consumption, such as large industrial users, who will directly buy electricity from power generation companies on the electricity supplier side in a perfect open bilateral EM, called direct power purchasing transaction. In this trading scenario, Bayesian game theory can be employed to build effective bidding strategies for the power generation companies and large consumers to carry out a one-for-one transaction and determine the price of electricity. For example, Fang and Wang [158] build a Bayesian game model with incomplete information for the double auction between generation company and large customer in a perfect open bilateral EM. They solve the Bayesian Nash equilibrium of the game and finally obtain the equilibrium bidding strategies for the generation company and large customer. However, this Bayesian game model is only suitable for a single-stage game. Actually, there are often multiple rounds of negotiations between power generation companies and large users to reach an agreement. For this reason, researchers in [159] use a bilateral auction and a sequential game model to design a negotiation model for a single large electric power user and a single power producer. In this model, they study the bidding strategies of power producers and large users for static games and dynamic games with non-complete information. Although the sequential game model is closer to the actual situation of large users participating in direct power purchasing games, it does not consider how the two sides use the transaction information to adjust the game strategy in the dynamic game. To obstacle this issue, Tan et al. [160] introduce the Bayesian learning-based dynamic game model to improve the learning ability of power producers and large users. In this study, during the trading process, the generator and the large consumer take turns to quote their price, which enables both of them to gradually revise their awareness of the reserved price of the other side and to forecast the price more precisely. In addition, Fang et al. [161] also develop the Bayesian Nash equilibrium bidding strategies for the generation companies. Further, researchers in [162] establish a Bayesian-Cournot Nash game model to formulate bidding strategies with incomplete information among non-cooperative generation companies. Aiming at how the power supplier and demander to build their own bidding strategies in a bilateral EM, Fang et al. [163] construct a double auction Bayesian model in which all power generation companies are regarded as the supplier and all the purchase agents of power are regarded as the demander. Based on the transaction rule of the auction and a consideration that the production cost of power supplier and the estimated price of the demander are private information, this proposed Bayesian game between the power supplier and demander can achieve a Bayesian Nash equilibrium, where the optimal bidding strategies for power supplier and demander are given by researchers. In addition, researchers in [133] and [146] combine the aforementioned Stackelberg game with Bayesian game to investigate the direct power purchasing transactions among electricity suppliers and big electricity users. In these studies, the Stackelberg game is used to model the transaction between the power generation company (behaves as a leader) and large consumers (act as the followers), and the Bayesian game theory is employed to form a non-cooperative game among the power generation companies (see Figure 13) .
In addition, aiming at the incentive mechanism in an electricity auction market, Liu et al. [153] use Bayesian game theory to design a proper bidding mechanism to decrease the generators' market power, with the goal of deepening the reform of the EM. They select the signaling game theory in Bayesian game to analyze the main electricity bidding mechanisms in the electricity auction markets considering the degree of information disturbance as an important factor for evaluating bidding mechanisms. Further, they propose an incentive electricity bidding mechanism, called the Generator Semi-randomized Matching (GSM) mechanism. Such GSM bidding mechanism can effectively decrease the clearing price, increase the total transaction volume, decrease the profits of electricity generators, and increase the overall benefits of purchasers. In addition, researchers in [164] and [165] both use the Bayesian game theory to investigate the incentive mechanisms in the auction market. For example, Yue et al. [165] apply the method of Bayesian game to analyze the pricing method in electricity distribution market, which indicates that the recommended method is not only a valid method for EM extension, but also has important reference value for electricity distribution pricing.
Moreover, researchers gradually use the Bayesian game theory to formulate strategies for the contract negotiation in the EM. For example, Zhang et al. [166] investigate the negotiation strategy of discharging price of EV among EV agents and power companies based on fuzzy Bayesian learning. In this study, they use the fuzzy probability calculation method to estimate and calculate the uncertain parameter of the function of EV agents and power companies. On the whole, the negotiation strategy is verified to be effective in a practical case study. In addition, Wang et al. [167] use the Bayesian game theory for a power generation market, where the long-term contract is one of the common and important choices of power generation company and transaction center to purchase benefits and evade risks. In this study, they adopt the Bayesian equilibrium of non-cooperative game theory to analyze the rational conditions of contract price formation. Apart from above investigations, aiming at the electric power bidding under uncertain demand, Zhang and Ye [168] model the power bidding behaviors of power plant company on the electricity supplier side under certain and uncertain electricity power demand as a two-generator game. In this study, they deduce the Bayesian Nash equilibrium of the game model and argue that the equilibrium bid of power plants is close to the upper or lower limit permitted under certain electricity power demand generally, but the optimal bid fluctuates between lower limit and the middle point of bid interval permitted for a power company under uncertain electricity power demand.
In addition, they also find that the middle point bid will be chosen when the maximal supply of the rival is close to zero, and the lower limit will be chosen possibly if the generation power cost is close to zero.
3) POWER DR BETWEEN ELECTRICITY SELLER SIDE AND ELECTRICITY SUPPLIER SIDE IN EM
We find that Bayesian game theory is rarely used in power DR between electricity sellers and electricity suppliers. This is because Bayesian game is a non-cooperative game with incomplete information, which is more suitable for the game in which the players' private information is very important in a non-cooperative game. On the whole, the Bayesian game as an incomplete information game has been used by the researchers in [110] for a real-time DR market among the aggregators (behave as energy suppliers), power grid, and consumers. In this study, the proposed method minimizes the fuel consumption and operation costs and optimally schedules the generation in grid's supply side, and it also presents optimal prices during different periods simultaneously.
4) A BRIEF SUMMARY
On the whole, as a special type of non-cooperative game in classic game theory, the Bayesian game known as an incomplete information-game has been preliminarily used in EM in terms of power DR. In this section, we conduct a detailed overview on the application of Bayesian game theory in power DR under an open and ever-growing EM, from the perspective of games among electricity supplier side, electricity seller side and electricity user side. Generally speaking, Bayesian game theory has been applied by researchers to some scenarios of power DR in the EM, including electricity auction market, electric power bidding under uncertain demand, DRM and real-time DR, contract negotiation, and bidding strategy formulation of generation companies. It can be said that since the Bayesian game abandons the assumption that the game information must be completely known, thereby its application scenarios are closer to the reality. However, how to choose and establish a probabilistic model for the incomplete information in a Bayesian game to make which more in line with actual issues is still difficult for researchers in EM application scenarios. As elaborated previously, the equilibrium form of dynamic incomplete information-Bayesian game refers to a perfect Bayesian-Nash equilibrium, which is the most perfect equilibrium form in Nash equilibrium forms. However, such type of Nash equilibrium is still not guaranteed to be completely reasonable. To this end, scholars successively propose equilibrium concepts of trembling-hand perfect equilibrium and proper equilibrium to further perfect the above-mentioned perfect Bayesian-Nash equilibrium form [43] , [169] , [170] .
VIII. PROSPECTS A. A BRIEF SUMMARY
As the EM becomes more open and new energy entities join in EM, the stakeholders involved in the EM are becoming more diverse, which makes the power competition among stakeholders in the EM become complex multi-stakeholder game issues. Therefore, we argue that game theory will become a more and more important mathematical tool for addressing such issues. Overall, in this paper, we conduct a comprehensive overview on the application of game-theoretic approaches in EM trading in terms of power DR from the aspect of five categories of games.
On the whole, in this section, we conduct a detailed comparative analysis and summarization for the major game theoretic-approaches investigated in this paper from nine aspects, including the founder(s), major application scenarios in EM, major application scenarios in other fields, model features, solution methods, concrete subdivision, equilibrium concept(s), main academic references, and application level in EM, as demonstrated in Table 2 .
B. PROSPECTS
Along with the rapid development of the EM, various emerging power sales entities (i.e., NPSEs) begin to participate in the EM transactions, which have changed the structure and operation mode of the EM to some extent. As a result, the past one-way load management has evolved into today's interactive DR, which is also one of the important features of the smart grid. Actually, with a large number of smart homes, distributed generation devices, energy storage devices, and EVs participating in the power system operation, they bring convenience to the power DR, but also make the game models in the context of EM more complicated. Due to the existence of multiple decision-making agents and various interest relationships such as competition and cooperation, in fact, the electricity trading decision-making process in the EM has gradually evolved into a multi-agent game issue with complete information or incomplete information. To this end, as a theoretical tool for studying multi-agent market conflicts of interest and trading decisions, game theory has been widely used in EM competition among electricity supplier side (e.g., power generation companies), electricity seller side (e.g., power grid companies, power sales companies, load aggregators), and electricity user side (e.g., residential users, commercial users, industrial users, distributed new energy users or prosumers).
1) ON THE ELECTRICITY SUPPLIER SIDE
It refers to the power generation side, where game theory is mainly used to study the bidding games between power generation entities [20] , [103] - [106] , that is, how various power generation entities formulate bidding strategies to participate in EM transactions. These bidding strategies are effective measures for them to achieve the best interests of their respective economic entities. In traditional generationside games, the Cournot game (i.e., production competition model) and Bertrand model (i.e., price competition model) are generally used to analyze the behavior of power generation companies. Besides, among the types of games in which power generation entities participate in EM transactions, one of the most important games is the direct power purchasing between the power generation side and the large electricity user side. Among them, the electricity user side mainly refers to large industrial consumers with high energy consumption. At this point, such types of large consumers are more sensitive to electricity price and can effectively participate in grid load dispatching. They can purchase electricity through some market transactions such as forward contracts (i.e., longterm power purchasing contracts), options method, and spot trading. Among these, the Cournot model [176] is suitable for analyzing the long-term behavior of the EM, while the Bertrand model [15] is more suitable for analyzing the shortterm behavior of the EM.
In addition, taking large consumers to participate in direct power purchasing in the EM as an example, this kind of game issue can be addressed by a master-slave game-theoretic approach, i.e., the Stackelberg game-theoretic approach. In this solution process, the goal of large consumers is to achieve the lowest cost of purchasing electricity by formulating the optimal power purchasing strategy, while the goal of the power generation company is to develop an optimal bidding strategy to attract more users to maximize its revenue. This type of game issue is a typical master-slave game, in which the upper-level problem is a type of noncooperative games (such as classic non-cooperative game, Bayesian game) between power generation companies; and the lower-layer users together with upper-level power generation company constitutes a master-slave game. Based on the power purchase strategy model of the lower-level users, the upper-level power generation company constructs a quotation strategy model. In this solution process, the Nash equilibrium algorithms based on parallel and distributed computing are the focus of future research. They are often used to solve the master-slave game equilibrium. At this point, as an important technical means to improve computational efficiency, parallel and distributed computing methods are necessary to be deeply investigated in terms of efficient solving of Nash equilibrium, such as sequence linearization methods, and decentralized iterative methods. In addition, the research on the multi-Nash equilibrium algorithm based on learning theory can also be carried out in the future.
In the above-mentioned actual direct power purchasing of large consumers, since there are much unknown private information on both sides, the Bayesian game or evolutionary game can be used to solve such a kind of game issues with limited information or bounded rationality. This proved to be very effective for direct power purchasing transaction between large consumers and power generation companies. In this solution process, the Bayesian game abandons the assumption that the game information must be completely known; and the EGT adopts the mechanism of natural selection, which does not require strict rational assumptions, and is closer to the reality, making it more reflective of the spontaneous evolution process (which is a dynamic process) of different interest groups. Therefore, in the future, how to select and establish the probability models with incomplete VOLUME 7, 2019 information in Bayesian game and the selection and mutation mechanisms in evolutionary game to make them closer to the actual game issues under limited information and bounded rationality conditions will be one of the research highlights in such type of game issues.
2) ON THE ELECTRICITY USER SIDE
It refers to the power consumer side, where game theory is mainly used to investigate the game issues of users participating in EM transactions, i.e., the formulation of game strategies used to analyze the power purchasing, electricity selling and electricity consumption of users, who have excess power capacity, participating in EM transactions after the distributed power generations are widely used among users. In addition, game theory is also used to study the joint game issues among power generation side, distribution side and power consumption side. For example, we can achieve the market-sharing distribution of peak load shaving benefits in all aspects of the system through the dynamic game linkage equilibrium of the power generation-side and demandside TOU electricity pricing. In general, as more and more users have own distributed energy equipment, they are both energy consumers and energy producers, called prosumers. They will participate in the EM trading as an independent NPSE. When a large number of prosumers participate in the EM trading as an NPSE, they will inevitably affect the security and stability of the power grid. Therefore, how to use game theory to develop effective power consumption and power sales strategies for such users is an important issue. If addressed, they will be able to fully mobilize the distributed power supply, energy storage devices, EVs, and other distributed energy devices to participate in the grid frequency adjustment, thereby optimally configuring the users' distributed energy devices. In this process, cooperative games and non-cooperative games can play an important role. For example, based on a typical type of non-cooperative game, i.e., the master-slave game, we can realize the charge and discharge management of EVs based on master-slave game, and fully play the role of EV's peak shaving and load leveling through appropriate regulation. In addition, by establishing a non-cooperative game model between users, we can also obtain the Nash Equilibrium to achieve the optimal configuration of distributed generation, energy storage and EVs for each user, so that they can maximize the sales profit while minimizing the investment and operation and maintenance costs and meanwhile, the safe and stable operation of the grid can be effectively guaranteed.
In addition, when the user-side residential users participate in the EM transactions in terms of power DR, the method of game modeling is not unique due to the differences in power usage, load types, and consumption attitudes. Therefore, in the future, when residents participate in the EM transaction, we should fully consider the user's electricity usage behavior, living habits and other factors that affect the user's electricity consumption, and further establish a specific game model based on the user's electricity usage behavior. For example, we can conduct deep investigations on how to use evolutionary games to simulate the power consumption behavior between users. Here, these behaviors include personal electricity use privacy information. At this point, the power transaction between the seller side and the user side can be modeled as a two-level master-slave game problem. In this problem, the price competition between the upperlevel sellers is modeled as a non-cooperative game model. In this way, when the residential users with limited rationality and incomplete information compete for power consumption, we can construct an evolutionary game process between residential users, so that we can gradually realize the evolutionary equilibrium of user groups by designing appropriate RD factors. Here, each user chooses the strategy of the electricity seller to purchase electricity as a hybrid strategy. At this time, a dynamic pricing-based power DR behavior is formed between the electricity seller and the user, and the supplydemand balance can be finally achieved. In general, for the user side, due to the large number of loads, it is difficult to obtain the information of the full load, and part of the load information may belong to user privacy. In this case, the Bayesian game based on incomplete information and the evolutionary game based on bounded rationality are expected to be a powerful mathematical tool for solving such problem of massive load DR in smart grid.
Certainly, the improvement of communication network is very important for users to participate in power market transactions. Therefore, how to improve the quality of service to users and the efficiency of decision-making by all parties can be solved by relying on game theory in the research of information network topology. In addition, in the future, we can also use game theory to deal with network attack activities in the power grid, and provide theoretical analysis tools for the safe operation of communication networks.
3) ON THE ELECTRICITY SELLER SIDE
It refers to the power grid company (the distribution side) and power-selling sides, where game theory is mainly used to analyze the distribution and quotation of power distribution companies according to market demand, as well as the competitive transactions of electricity prices and electricity purchase among electricity sellers, grid companies and users. With the in-depth development of the EM, there are more and more new types of power supply entities as agents participating in EM transactions, including new types of prosumers, load aggregators, large/small-scale power retail companies, and distributed power supplier groups, large-scale power generation company's direct electricity seller group, micro-gridtype electricity sellers, public service industry, energy-saving service companies, and so on. Among these, the addition of some NPSEs has made the competitive games in EM become more complicated and diversified. Taking NPSE as an example, there will be more and more influencing factors affecting the game between the NPSE on power-selling side and the user side, including the level of the fee setting between the grid company and the NPSE, the number of NPSEs, and each NPSE individual's own capacity limit and its own cost coefficient, the way the fee is paid, the rules of power trading, the user's mastery of the transaction information and the degree of participation, and so on. Under this circumstance, the conflict of interest between different stakeholders of the power grid dispatching department and various types of electricity sellers and load agents will be effectively analyzed through different game models. For example, when different load agents compete for market share, for the strategic quotation of load reduction, the reduction of bidding and other issues, a reasonable solution can be given by solving the game model such as non-cooperative game. In addition, taking the microgrid-type service providers as an example, when they participate in electricity distribution and selling businesses, how to use game theory to develop a reasonable quotation strategy for them to attract more users deserve a further study in the future. Moreover, whether there is a need to form alliances among multiple microgrid-selling vendors, and how the chargeable and discharge facilities such as energy storage and EVs play a role in the profitability of microgrid-selling vendors are also worthy of further study.
In general, for the participation of multi-stakeholders in the EM, game theory is very suitable for modeling and analyzing the power trading competition relationship between the electricity supplier side, electricity seller side and electricity user side. In the future, game theory will play a more important role in the power DR in the context of a perfect open and evergrowing EM. The combination of game theory and intelligent algorithms can produce a model that is more in line with the real environment of the EM for different stakeholders to participate in the EM competition. Of course, there are some key scientific issues that need to be studied in the application of game theoretic-approaches to the EM in terms of power DR.
The key to solving these issues is to further combine game theory with various intelligent algorithms and artificial intelligence techniques such as machine learning algorithms and heuristic swarm intelligence algorithms [177] - [180] , so as to develop more advanced intelligent algorithms for solving the game equilibrium of different actual game issues. For example, we can use stagnation method, variational inequality method, variable-scale feedback linearization method, and other methods to solve the equilibrium solution of a noncooperative game [131] , [181] , [182] ; we can use the eigenfunction to construct the kernel of the game or the Shapley value method and Nash bargaining to solve the equilibrium of a cooperative game [27] , [68] ; and we can use artificial intelligence techniques, such as Q-learning and other machine learning algorithms [34] to solve the equilibrium of an evolutionary game. Therefore, on the whole, in the future, the combination of game theory and various intelligent algorithms for solving different types of actual game problems will be one of the research hotspots.
IX. CONCLUSION
The characteristics of the intelligent distribution network determine that its operation, scheduling, control and other forms are significantly different from the traditional distribution network. How to determine the optimal strategy for each decision-making agent in the intelligent distribution network system in order to balance and optimize the interests of all parties is a challenging topic. However, the traditional optimization theory system with single-agent decisionmaking as the main feature is difficult to overcome this difficulty. In contrast, the game theory for complex multiagent multi-objective optimization is expected to become a powerful mathematical tool to overcome many problems in smart distribution networks. To this end, this paper conducts a detailed survey on game-theoretic approaches applied to the perfect open and ever-growing EM in terms of power DR from the perspective of three categories of games, including non-cooperative game, cooperative game, and evolutionary game. Particularly, we separately select Stackelberg game and Bayesian game from non-cooperative games and review their applications in power DR. Overall, the main contributions of this paper are summarized as follows: 1) We completely introduce the main contents of game theory and the major game behaviors of stakeholders participating in EM competitions in terms of power DR. These stakeholders are classified as three categories in this paper, including electricity supplier side, electricity seller side, and electricity user side.
2) Based on above classification, considering the EM competitions such as electricity pricing and electricity trading among electricity suppliers, electricity sellers and electricity users, we comprehensively introduce the principle of abovementioned three categories of games as well as Stackelberg game and Bayesian game, and then thoroughly review their applications in power DR in the context of perfect open and ever-growing EMs such as retail market, spot market, wholesale market and ancillary service market.
Overall, the biggest innovation of this paper lies in conducting a comprehensive survey on the major game-theoretic approaches applied to competitive transactions in the perfect open and ever-growing EMs from the perspective of power DR. We conduct this survey on relevant achievements of game theory obtained recently in EMs, with the goal of hoping to arouse the interest and excitement of experts and scholars in the energy and electric power system industry and looking ahead to efforts that jointly promote the rapid development of game-theoretic approaches in the field of perfect open EM. 
